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Occurrence of the M Substance of Type 28 Group A in 
Streptococci of Lancefield Groups B, C and G 

Bv tv. K. JLVXTED 

Strepiococcal neference Laboratory, Caitral Public Health 
Laboratory, Colindale, London 

SUMMARY : Strains of streptococci belonging to Lancefield groups B, C and G were 
found to possess an antigen •which is identical svith the group A type 28 M antigen 
in its ability to absorb group A tj*pc 28 antibodies, and to stimulate tlic production 
of tjTpc 28 antibodies. The antigen also resembles tlie group A tj'pe 28 antigen in its 
seiisithity to pepsin and trjTisin, being inactivated by pepsin but not by trj 7 )sin. 
Tlic antigen does not appear to be the major type-specific antigen in some of the 
strains not belonging to group A. 

Lancefield (1940) showed that the serological types of group A streptococci 
arc each characterized by the possession of a tj'pc-spccific protein antigen, the 
substance. Occasionally, >?-hacmolytic streptococci arc encountered which, 
although belonging to groups other than A, react witlj absorbed type-specific 
sera prepared against group A organisms. The nature of the antigen responsible 
for this cross-relationship has not so far been determined. It is the purpose 
of this paper to describe four such strains, one of which belonged to group B, 
two to group C and one to group G; all four strains had the M antigen cimr- 
acteristic of type 28 group A. 


Material and Methods 

Source of strains. Strain 'Small* was Griffith’s original group A tnie 28; 
strain 8902 group B came from a patient with a mild sore throat; strain DIO 
group C was also isolated from a sore throat. Strains 0074 group C and J2.8 
group G came from the vaginae of patients with pncrpcrnl fever. 

CuUures. For extraction or enzyme treatment the cells after 20 hr. incuba- 
tion at 87° in 50 ml. of brotii (Todd & Hewitt, 1932), were collected l)y 
centrifugation. 

Preparation of extracts. Crude HCI extracts were prepared as dcscribe<I by 
Lancefield (1940). These extracts contained the group-specific C substance and 
the type-specific M antigen. 

Precipitation reactions. The capillary technique of Swift, ^Yi!son Sc Lancefield 
(1943) was usctl throughout. 

Preparation and absorjUion of antisera. Antisera were preparcfl by inoculating 
rabbits w'ith formalin-killed streptococci using a slight modification of Lnncc- 
ficld’s technique. The stniins were passngcxl a number of times tlirmigh mire, 
and after confirniing the ])rcscncc of type 28 M substance, 250 ml. amounts of 
Todd-llcwitt broth were inoculated and incubated for 21 br. at 87'’. Fonnalin 
was then added to a concentration of 0*2% (v/v), and the fiask.s were left for 
48 hr. at room temperature. The ciiUurcs were tlicn centrifuged, tlic deposit 
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washed once in saline and concentrated b)’- suspending in 17 ml. of 0-2 % 
formol saline. Rabbits were given 0-5 ml. intravenously as a primary dose, 
rested 1 week, and then given 1-0 ml. on each of 3 successive days, and again 
rested for 1 week. After 8-10 weeks good precipitating sera were obtained. 
Tliree rabbits receiving the group G strain died before large bleedings could 
be taken ; the smaller samples, however, gave good precipitation after absorp- 
tion with a heterologous group G strain. All sera were absorbed with a hetero- 
logous strain of the same group to remove non-specific antibodies, the 
absorbing dose being 1 part of packed centrifuged deposit of cocci to 4 parts 
undiluted serum. 

The absorption of the type-specific antibodies from the group A type 
28 serum by related strains of other groups 

The type 28 serum made with strain ‘Small’ was absorbed witli type 3 cocci 
to remove non-specific antibodies. Strains ‘Small’ and 3962, DIO and J23 
were then each used to absorb separate samples of the serum. Four control 
samples were absorbed each with a strain of either group A, B, C or G but 
unrelated to type 28 ; the samples were then tested for precipitins with extracts 
of strain ‘Small’ and of the other group strains related to it (Table 1). All the 
strains precipitating with type 28 serum removed the group A type 28 anti- 
bodies. The control samples retained their activity. 

Table 1. Precipitin reactions of a group A type 28 antiserum absorbed 
by strains of cocci containing the type 28 antigen, but belonging 

to various groups 

Antiserum absorbed by strain 


M extracts prepared 

Group A 

Group A 

Group B 

Group C 

Group G 

from strain 

type 3 

‘Small’ 

3902 

DIO 

.T23 

‘Small’, group A 

+ +I++* 

— 

— 

— 

- 

DlO, group C 

■+• -h/4- + 

- 

- 

- 

— 

39G2, group B 

'!'/ + 

— 

— 

— 

— 

.1 23, group G 

+ / + 

— 

— 


— 

0074, group C 

-t +/+ + 

~ 

— 

— 



* The readings before the stroke were made after 2 hr. at 37®; those following the stroke 
after a further 24 hr. at 4®. Absorption with one strain of cacli group unrel.atcd to type 28 
failed to remove the precipitating antibody. 

-f =a light uniform precipitate up the whole fluid column in the capillary' tube. 

-h -h =a definite flocculation. 

-u 4 - + =hea\’y' precipitate at the base of the column. 

— =no precipitate. 

Effect of trypsin and pepsin on M extracts 

Lancefield (1943) has shown that the type-specific M substance of type 28 
differs from the SI substance of all the other tj’pes, except tj’pe 44, in tJiat it 
resists the action of trypsin, though it is inactivated by pepsin. All other known 
antigens in group A except type 44 are inactivated by trjpsin as w'cll as by 
pepsin. Therefore in order to identify further the type 28 antigen of tJiese 
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group B, C and G strains, the action of pepsin and trypsin on their serological 
reactivity was investigated. 

Duplicate samples of the centrifuged bacterial deposit- were resuspended in 
15 ml. amounts of either acetate buffer pH 2*5 or phosphate buffer pH 8*1, 
To the cells suspended in pH 2-3 buffer was added either pepsin in water to 
give a concentration of 1 %, or water; to the cells in pH buffer 8*4 \yas added 

Table 2. Precipiiaiion reactions between type 28 ill antibodies and jM cxlrociSi 
demonstrating inactivation by pepsin hut not by trypsin 

Preliminary treatment of cells before preparation 
of M extract 


extract prepared 

pH 8-4 buffer 


pri2'.'> buffer 


from strain 

and tr^Twin 

pH 8'4 buffer 

and pcp<?in 

pH2-5 Irnffer 

‘Small*, group A t>*pe 28 

+ -b/++* 

+ +/+ + + 

-1- 

+ +I+ + 

3002, group B 

-t +}+ + 

+ +/+ + 


+ +/+ + 

DlO, group C 

+ +/+-t 

+ +/+ + 

-/tr 

+ +/+ + 

.123, group G 

+ +/+-t 

4- +/+ + 

-/- 

+ +/+ + 


• Symbols as in Table 1. 




either trypsin in water to give a concentration of 1 %, or water. The mixtures 
were incubated for 72 hr. at 37®, centrifuged and tlic deposits waslicd in saline. 
H extracts were made from each washed sample and tested for precipitation 
against group A type 28 sentm. It will be seen (Table 2) that llie serological 
reactivity of the H antigen from each strain was destroyed by pepsin and not 
by trypsin. 

The results of the absorption and enzyme digestion tests suggested that it 
would be possible to prepare from these strains antisera which would pre- 
cipitate with the extract from group A IjTC 28 strain ‘Small*. 

Production of type 28 ill antisera for strains 3902, DIO and .723 

The scrum obtained after 8-10 weeks gave good precipitation with extracts 
of .the immunizing strain. Samples of each scrum were absorbed with a 
heterologous strain of the same group, to remove non-specific antibodies, then 
tested against extracts of {a) all the group A tj'pe strains, (6) other strains of 
the same group, and (c) all the strains showing relationship with type 28. All 
these sera reacted well with all the strains wliich had precipitated the group A 
t\ 7 )C 28 scrum (Table 3). No cross-reactions occurred with extracts of any of 
the other group A types, or with extracts of unrelated strains belonging to 
homologous or heterologous groups. The antisera so jirocluccd were after 
absorption indistinguishable from that produced by the group A type 28 strain 
‘Small*. 

7'hc dcmonslraiion of another precipitating antibody in the scrum made 
xciih group C ^froin DIO 

It seemed possible that the sera contained another precipitating antibody 
type-specific within the particular group. An attempt wris made to demonstrate 
tins in the antiserum made to strain DlO group C. The group C non-siK-cific 
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washed once in saline and concentrated by suspending in 17 ml. of 0-2 % 
formol saline. Rabbits were given 0-5 ml. intravenousl}’^ as a primary’’ dose, 
rested 1 week, and then given I'O ml. on each of 3 successive days, and again 
rested for 1 week. After 8-10 weeks good px’eeipitating sera were obtained. 
Three rabbits receiving the group G strain died before large bleedings could 
be taken; the smaller samples, however, gave good precipitation after absorp- 
tion with a heterologous group G strain. All sera were absorbed with a hetero- 
logous strain of the same group to remove non-specific antibodies, the 
absorbing dose being 1 part of packed centrifuged deposit of cocci to 4 parts 
undiluted serum. 

The absorption of the type-specific antibodies from the group) A type 
28 senini by related strains of other groups 

The type 28 serum made with strain ‘Small’ was absorbed with type 3 cocci 
to remove non-specific antibodies. Strains ‘Small’ and 3962, DlO and J23 
were then each used to absorb separate samples of the serum. Four control 
samples were absorbed each with a strain of either group A, B, C or G but 
unrelated to type 28 ; the samples were then tested for precipitins with extracts 
of strain ‘Small’ and of the other group strains related to it (Table 1). All the 
strains precipitating with type 28 serum removed the group A type 28 aixti- 
bodies. The control samples retained their activity. 

Table 1. Precipitin reactions of a group A iyjye 28 antiserum absorbed 
by strains of cocci containing the type 28 antigen, hut belonging 

to various groxips 

Antiserum absorbed by strain 


M extracts prepared 

Group A 

Group A 

Groiij) B 

Group C 

Group G 

from strain 

tjTJC 3 

‘Small’ 

a9G3 

DIO 

J23 

‘Small’, group A 

+ +/+-}-* 



— 

— 

D 10, group C 

-f- +/+ + 

— 




3902, group B 

+ / + 

— 

— 

— 


.T23, group G 

+ / + 

— 

— 


— 

0074, group C 


— 

— 




* The readings before the stroke were made after 2 hr. at 37°; those foUowing tlic stroke 
after a further 24 lir. at 4°. Absorption witli one strain of each group unrelated to type 28 
failed to remove the precipitating antibody. 

-f =a light uniform precipitate up the wliole fluid column in the capillary tube. 

-f + = a definite flocculation. 

.f. 4- + =zhea\y precipitate at the base of the column. 

— =no precipitate. 


Effect of trypsm and pepsin on M extracts 

Lancefield (1943) lias shown that the tjTxe-specific M substance of type 28 
differs from the HI substance of all the other types, except tj^c 44, m that it 
resists tlie action of trypsin, though it is inactivated by pepsin. All other known 
HI antigens in group A except tjqie 44 are inactiimted liy trypsin as well as by 
pepsin. Therefore in order to identify further the type 28 antigen of these 



A7i M antigen in group B, C and G streptococci 3 

group B, C and G strains, the action of pepsin and trypsin on their serological 
reactivity was investigated. 

Duplicate samples of the centrifuged bacterial deposit were resuspended in 
15 mh amounts of either acetate hufler pH 2*5 or phosphate buffer pH 8-4. 
To the cells suspended in pH 2*5 buffer was added either pepsin in water to 
give a concentration of 1 %, or water; to the cells in pH buffer 8-t was added 


Table 2. Precipitation reactions behveen type 28 M antibodies and M extracts, 
demonstrating inactivation by pepsin but not by trypsin 

PrcUminarj' treatment of cells before preparation 
of M extract 


M extract prepared 
from stmin 

‘Small*, group A tj’pe 28 
8002, group R 
DlO, group C 
J23, group G 


pH 8*4 buffer pll 2-5 buffer 

and trypsin pH 8*4 buffer and pepsin pH2-5 buffer 


+ -b/++* 

-b+z-b-h-b 


-b 

+ /-b-b 

+ +/+ + 

-b-bZ-b-b 

— j — 

+ 

+Z+ + 

-bZ-f- + 

+ +/-b-b 

-/tr 


-bZ-b-b 

+ +/+ + 

+ -b/-b + 


■b 

+ /+ + 


* SjTnbols as in Table 1. 


cither trypsin in water to give a concentration of 1 %, or water. The mixtures 
were incubated for 72 hr. at 37®, centrifuged and the deposits washed in saline. 

extracts were made from each washed sample and tested for precipitation 
against group A type 28 serum. It will be seen (Table 2) that the serological 
reactivity of the H antigen from each strain was destroyed by pepsin and not 
by trypsin. 

The results of tlie absorption and enzyme digestion tests suggested tliat it 
would be possible to prepare from these strains antisera which would pre- 
cipitate with the Jf extract from group A ty|>c 28 strain ‘Small’. 


Production of type 28 M antisera for strains 5002, DlO ami J23 
The scrum obtained after 8-10 weeks gave good precipitation with extracts 
of •the immunizing strain. Samples of each semm were absorbed with a 
heterologous strain of the same group, to remove non-specific antibodies, then 
tested against extracts of (n) all the group A type strains, (6) otlicr strains of 
the same group, and (c) .all the strains showing relationship with type 28. All 
these sera reacted well with all the strains which had precipitated the group A 
type 28 scrum (Tabic 3). No cross-reactions occurred with extracts of any of 
the other group A types, or with extracts of unrelated strains belonging to 
homologous or heterologous groups. The antisera so pnvluced were after 
absorption indistinguishable from that produced by the group A type 28 strain 
‘Small*. 

The demonstration of another precipitating ayitibody tn the scrum made 
xciih group C strain DlO 

It seemed possible that the sera contained another precipitating antibody 
t}'|ic-spccific witlun the particular group. An attcmjit was made to demonstrate 
this in the antiserum made to strain DlO group C. The group C non-specific 
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Table 3. The specific aniigeniciiy of type 28 M substaijces in strains 
of Str. pyogenes groups B, C and G 

Precipitin reactions with serum from rabbits 
immunized with strain 


M extract prepared 

‘Small’, 

3902, 

DIO, 

J23, 

from strain 

group A 

group B 

group C 

group G 

Group A tjTpes 1-30, and tj-pes 44 

-I-* 


-/- 

-/- 

and 47 

‘Batty’, group B; ‘Azgazardah’, 

-/- 

-/- 

-/- 

-/- 

group C; ‘Goodman’, group G 

‘Small’, group A type 28 

+ +/+ + + 

+ /+ + + 

+ +/+ + + 

+ / + 4- 

3902, group B 

+ /+ + 

+ /+ + 

+ /+ + 

+/+ + 

D 10, group C 

+ + +/+ + + 

+ /+ + 

+ + +/+ + + 

+/+ + 

J 23, group G 

+ /+ + 

-/+■+ 

+ /+ + + 

+/ + + 


* SjTnbols as in Table 1. 


antibodies were absorbed with strain ‘Azgazardah’ group C type 7. A further 
absorption with ‘ Small ’ group A t 5 ^e 28 removed all the type 28 antibodies. 
The serum was then tested for precipitins against HCl extracts of the strains 
from each group reacting with type 28 serum, and of four strains belonging 
to group C and not related to type 28 (Table 4). It will be ™ ^ 

serum D 10 contained antibodies peculiar to the ^gg^his antigen. 

6074, which resembled strain D 10 in other respects, did no p 
Only one of the early samples of the DlO serum gave this resu . 

Table TO oko. „.e preoe.co 

a srecifieprecipimin, antison „„„ 


M extracts prepared 
from strain 

‘Small’, group A 
D JO, group C 
‘Azgazardah’, group O 
GOrd; group C 


. . with DIO nntisemm niUT 

Precipitin reactions J 

‘ absorption A\itli ^ 

— ;7r'~r;^„„,r.bih-. •.•^nn.irnm*. 


+ + +/+ + *'■ 

+ -h/tr 
d- d- -I 

. .Sviiilx't* '*■’ b> Tal>t«- I. 


-I- 

-I / I 


•f. d-fd- -t- -t- 

t 

rf * / -k •> ► 







k.'.. 


rtcr alisorptfo" 

,/, , ,, . J; <■ 

i'mhi* ^ ... ■ 


/» r < ■ 


f 
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none of the strains became virulent, nor could they be used as infecting strains 
in passive protection tests in mice. The use of mucin to enhance infectivity 
for protection tests was ruled out, because it prevents contact of the cocci with 
the antibodies. It is probable that certain of the streptococci possessing the 
type 28 antigen have another major antigen more characteristic of the strain. 
It has long been known that serological tj'pcs exist within group B (Lanccficld, 
1934, 1938; Stabieforth, 1932), and that the type-specific antigen is a poly- 
saceliaride; the typing of such strains is a routine procedure in veterinary work. 
The strain 8962 was typed by this method as Hit. Another group B strain 
D 18Ca, received from D. R. Lippmanh, was originally typed as a group B type 
III, and this strain also possessed group A type 28 antigen. These two strains 
thus possessed tliree precipitating antigens, the group-specific and the type- 
specific polysaccharides, and the type 28 antigen, a protein. The strain of 
Str. flgalach’ae, B2, which was used to make the type lilt antiserum with which 
strain 3962 reacted, did not show any relationship with type 28. It is possible 
also that the group C strain DlO possesses another antigen peculiar to it, which 
was not found in the other group C strains ‘Chestlc*, ‘Austin’ and ICC4; nor 
in strain 6074, although this strain also contained the type 28 M antigen. The 
nature of this more specific antigen has not been investigated here, but 
Lancefield (1940-1) and Blakcmore, Elliott & Hart-Mercer (1941) have found 
evidence of its protein nature. 

IVatson & Lancefield (1944) demonstrated that group A t>T)Cs 10 and 12 
share a common M antigen, but it might be more correct to regard tlicsc two 
as one type, either 10 or 12, the T ai\tigcn of whicli varies for reasons not so far 
understood. It may be significant that the only M ar ’ igen so fat found to be 
shared by strains in other groups should be the one whicli appears to have 
a different structure from the usualM antigen, as indicated by its resistance to 
tryptic digestion. Tlic demonstration of the sharing of tliis unusual antigen 
does not therefore contradict Lanccfield’s statements as to the specificity of 
the M antigen of group A. It will be interesting if type 44 M antigen is 
found in streptococci of other groups, since it also lias tlie same characteristics 
as those of group A type 28 (Lancefield, 1943). 

I wsh to thank Dr V. D. Allison and Dr S. D. Elliott for odNicc nnd criticism, and 
also Dr R. C. Lanccficld for supplying some of the strains. 
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The Drying and Preservation of Bacterial Cultures 

By H. PROOJI and LOIS SI. HESISIONS 
The Wellcome Research haboTatorics, Bechenhamy Kent 

SURBIARY : Working details arc given for keeping as desiccates a collection of some 
1500 strains of bacteria. The clRcacy of drying, the various methods of freezing, and 
the effect of storage were tested by viable counts, using a spinning bottle modification 
of the roll-tube method. The survival rate of bacteria suspended in broth or other 
protective colloids, and subjected to freezing at —78®, VTxricd unth the species from 
about 100 % with the resistant Siaphijlococcus anreus to about 10 % with the sensitive 
Neisseria gonorrhoeae, and from about 100 to 1*5% or less, respectively, when the 
organisms were suspended in saline. The percentage of organisms which sur\ive the 
freeze-drying process was found to vat^' with the species, from 100% to less tlian 
1'0% when the organisms were suspended in broth and from 100% to no survivors 
when the organisms were suspended in saline. Tiic storage loss of dried cultures was 
found to be a function of the storage temperature; however, suitably dried cultures 
could be kept at room temperature for very long periods. By far the most important 
factor influencing loss on storage was tlic presence of traces of moisture, and to 
ensure optimal survival the cultures must be as dr>* as possible. It appears that even 
with adequately dried cultures the presence of oxygen is deleterious. 

Tlic survival rate of bacteria in a sample of dried culture after heating to 80® for 
1 hr., determined by plating a suspension of the heated sample in broth, provides 
a simple measure of the capacity of the particular batch of the dried culture to 
remain viable on storage at ordinary temperatures. 

The drying of bacteria arouses most general interest ns a solution of the 
utilitarian problem of avoiding the continuous subcultivation of strains and 
of maintaining them in any particular metabolic state. The essential require- 
ments of a collection of dried cultures is that, with llic routine employed, all 
strains should be viable ns required, and not that particular batches of dried 
cultures should survive for very long periods. On this point, rather strangely 
in view of the spate of published methods for the preservation of bacteria, 
there is almost no information. We have maintained ns desiccates a collection 
of some 1500 strains of difTercnt organisms, mainly pathogenic bacteria, for 
several years and have examined quantitatively the cfTcct of freezing, drying, 
and storing dried bacteria under different conditions. 


METHODS 

Routine for drying bacterial cultures. The method used is that of Swift (1037) 
with minor modifications, and tlie routine we adopted is as follows. Most 
aerobic organisms are grown for 24-48 hr. on agar slopes of suitable mcvlin, 
and the growth emulsified with about 2 ml. of nutrient broth. The broth, 
containing c. 3 g.N/1., is made by extracting fresh horse muscle with a papain 
digest of horse muscle containing c. 1-5 g.N/1. 

Most anaerobic organisms are grown in 250 ml. amounts of nutrient broth, 
containing 0 01% thiolacctic acid, incubated for 24-48 hr., and the culture 
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centrifuged. The broth emulsion, or broth deposit, is dispensed (0-2 ml.) in 
small sterile plugged glass tubes about 0*7 x 7-0 cm. dimensions. The cotton- 
■vvool plugs are cut off level with the top of the tubes. Twelve tubes of each 
culture are dried at a time, and the maximum number of tubes in one batch 
for dr3dng is about one hundred. Pow'dered COo ice (400 g.) is placed in 
a metal box which in turn is placed in a larger lagged wooden box. Powdered 
COg ice (900 g.) is added to 1 in. of gljrcerol in an 11 in. desiccator, and the 
tubes of culture are partially submerged in this mixture, when the temperature 
rapidly falls to about —78°. A tripod supporting a dish of PoOg is placed in the 
desiccator. The lid of the desiccator is connected to a Hjwac pump and the 
latter switched on and left running. The lid is pressed firmly on the desiccator 
which is then placed in the insulated box on top of the metal box containing 
the 400 g. of COn ice. The following morning the tap of the desiccator is closed, 
the pump switched off, and the desiccator disconnected and placed on the 
bench for about 2 lir. to bring it up to room temperature. Dr}*’ nitrogen from 
a cylinder is run slowly into the desiccator, the tubes are removed and wiped 
free from glycerol; tj^ied labels are then attached and the plugs pushed half- 
way down the tubes. This constitutes the primary drying; for the secondarj" 
drying the tubes are placed in a desiccator and redried in high vacumn at 
room temperature over for 7 days. Dry nitrogen is then run into the 
desiccator, the tubes removed and sealed above the cotton-wool plugs. One 
tube from each culture is reconstituted for test. 

Spinning bottle method of determining the viable count. The spinning apparatus 
consists of a h.p. electric motor mounted with the rotor shaft vertical; 
directl}’’ attached to the shaft is a brass cylinder. A 40 W. electric lamp is 
placed in series to bring the speed to about 1000 r.p.m. The appropriate agar 
medium is dispensed in suitable amounts in sterile bottles of uniform external 
diameter plugged with cotton-w’ool. We have used bottles manufactured from 
standard bore glass tubing, of approximately 3-0 cm. diameter and 4*5 cm. 
height to the shoulder. The brass cylinder should be turned so that the bottles 
fit easily ; a clearance up to a few millimetres does not matter. With bottles of 
this size a suitable amount of medium is 3'5 ml., and the concentration of 
agar (from Davis Gelatine (N.Z.) Ltd.) is increased slightly above normal, 
from I'O to 1'5 %, to ensure that the medium adheres well to the surface of the 
glass. When this melted 1‘5 % agar is spun in the machine the centrifugal 
force drives the medium up the sides of the bottle and it sets as a uniform layer 
from the bottom to the shoulder. Before inoculation the medium in the bottle 
is melted b}^ steaming and the bottles are then placed in a water-bath at the 
lowest temperature necessary to prevent setting. We use a thermostatically 
controlled bath at 48°. The setting time of the 1-5 % agar used varies from 
40 to 90 sec. Experience has shown that it is advisable to have two spinners 
for one operator making the dilutions; the medium in the spinning bottle is 
then alwaj’s set readj' for the replacement of the next bottle. The culture to 
be counted is suitablj^ diluted in broth and measured amounts added to the 
bottles which are then spun, incubated and the colonies counted. 

Any accurate and convenient method of making dilutions is satisfactorj . 
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Since ^ve desired to relate our results to the experience of the collection, the 
experiments were done on 0-2 ml. volumes of bacterial suspensions in small 
sterile cotton-wool plugged test-tubes of approximate dimensions 0*7 x 7-0 cm. 
The fmal dilutions for counting were prepared by making up the volume in the 
tube to 1‘0 ml. by adding 0-8 or 1*0 ml. of broth to the untreated or dried 
suspension respectively. Serial dilutions were then made to the appropriate 
extent by pipetting 0*5 ml. amounts into 100, 50 or 10 ml. lots of broth 
contained in stoppered bottles. From the final dilution for counting 0*8, 0*6 
and 0 0 ml. amounts, in duplicate, were pipetted into the bottles for spinning. 
Tliree separate series of dilutions were made from three tubes for each count; 
a typical result is shown in Table 1. 


Table 1. Accuracy of viable counts on broth suspetision o/Eschcrichia coli 

0*2 ml. of brotli suspension of coti strain CX145 filled into a series of glass tubes, 
diluted in broth for counting (dilution factor I xlO’) 



Volume of suspension 




Mean viable count of 


added to separate 

Colony counts 

Mean viable 

original susjicnsion 

Tube 

counting bottles 

after spinning 

counts for 

+ standard error of 

tested 

(in duplicate) (ml.) 

and incubation 

0-1 ml. 

mean 

A 

03 

128 

40-5^ 





151 





00 

*>72 

4S-2' 


(44-8±2-28)xl0’ 



307 





00 

305 

400| 





310 

J 



n 

0-3 

128 

430^ 

1 




130 





0-0 

2C5 

40-Cl 


(42-0i0-308)x J0« 



250 


j. 



0-0 

335 

42-2| 





375 

J 



c 

0-3 

143 

47-2^ 





140 





00 

2SO 

45-5 1 


(45 2 + 0 037) x 10* 



2CC 

1 



00 

372 

400 

1 




402 

1 




llESULTS 

Survival of dried cultures in large collection of bacterial strains 

There arc numerous isolated obscr^*ations in the literature on the sundval 
time of individual strains of certain species after p.'irlicular dryings, but there 
is little information about the percentage of strains which remain viable after 
difTercnt intervals or about the periods after which species should be checked 
for viability and redried. Clearly this infommtion is essential for the m.ain- 
tenance of a collection of bacterial cultures as desiccates. There arc, ho^^evc^, 
a few published obscr\'ations of tliis kind. Stillman (1911) reported that of 
772 drietl cultures of pneumococci 57% were viable after 3 years; Mort<m 
Sc Pulaski (1938) found that of sixty-seven cultures of various b.ictcrinl species 
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fifty-two were viable and fifteen non-^tdable after 2-6 years in the dried state. 
Stamp (1947) reported that many pathogenic bacterial species could be pre- 
served by drying at room temperature provided they were suspended in 
a nutrient gelatine ascorbic acid medium. A fcAv species would not survive, 
but with others a high initial survival rate and low death-rate on storage was 
observed. 

In order to ascertain the periods for which different species would remain 
enable, to ensure that all the culttires in the collection were viable, and to 
select suitable intervals for rechecking and redrying, the following routine was 
adopted. At least twelve tubes of a culture were dried at a time; and when 
five tubes remained the culture was redried, the five tubes from each drying 
being used to check the viability of cultures at selected intervals. Table 2 gives 
the results so far obtained, and is arranged so that the organisms are listed 
under their respective genera. Where more than twent3f-five strains of one 
species are in the collection, or any particular species shows an abnormal 
susceptibility to drying, they are listed separately. It is clear that the majority 
of bacterial species will survive drjdng. In addition to the organisms listed, 
we have maintained successfully as desiccates strains of pleuropneumonia-like 
organisms, yeasts, dermatophytes, penicillia and other moulds; but lepto- 
spirae, bovine spermatozoa and two species of Protozoa were not viable after 
drying. There is considerable species variation in resistance to drying; for 
example, with 352 batches of drjdngs from 242 cultures of Gram-positive cocci 
e'verj' tube examined was viable, whereas with 431 dryings from 180 strains 
of Neisseria the first tube from eighty-eight batches of dryings failed to grow 
and in eighteen batches every tube was non-viable. The age of the batches 
examined extended up to 7 years. 

With the possible exception of Clostridmm perfrmgens the clostridia are very 
easily maintained in the dried state because of the extreme resistance of spores 
to damage by drying. With an old culture of Bacillus suhtilis, which on micro- 
scopical examination appeared to consist entirely of spores, there was a 100 % 
survival on drying. Clostridium perfringens does not spore readily in laboratory 
media (no spores were visible in stained preparations from our cultures), and 
the results suggest that the vegetative form of the genus is not as resistant to 
drying as the non-sporing Gram-positive aerobes. It is also evident that in 
order to maintain the collection satisfactorily there must be an established 
routine for checking and redrying strains which should be determined for the 
particular process used. The period bet-ween dryings would vary widely with 
the species. 

The effect of freezing on viability 

Table 3 shows the effect of freezing in CO™ ice (at c. —78“’) on the viability 
of organisms suspended in broth and in saline. The results are averages of 
several separate experiments. The organisms w’ere grown on the appropriate 
solid media and washed off with saline or broth. The opacity of the suspension 
was adjusted to about 10® organisms/ml. The percentage of organisms which 
survive freezing depends on the species and ranges from 100 % for Staphy- 
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/ococcus aureus to 15 % ivilh the susceptible A^'cmcrm^onorr/jocnc. The majority 
of organisms appear to have a survival rate of about 50 % . Saline suspensions 
arc usually less resistant than broth suspensions to freezing, the difference 

Table 2. Viabiliii/ tests oji stored batches of dried cultures 

Two tests were carried out. Test A: one tube from each batch examined for viubiiity. In 11 
A columns are recorded the number of batches viable (+) or non-\dablc (— ). 

Test B ; every tube in each batch which was negatis’c in lest A was examined for viability, Tlie figure 
in the B columns record the number of batches in which every ttihe was non-viable. 

Period of storage (years) 







•4-3 



3-2 



2-1 


RouUnt 

mtCTva 



A 



A 



A 



A 


before 

O^^nism and no. of 













rctlfyui 

strains examined 

+ 

— 

B 

+ 

— 

B 

+ 

- 

n 

+ 

— 

B 

(years) 

Alcalii^enes spp. (5) 

2 

0 


K 

0 


2 

0 





3 

Vibrio co7)mn (3) 

4 

2 

2 

2 

2 

0 

0 

2 

2 

5 

2 

0 

1 

(2) 




5 

0 





2 

0 


3 

PiCfidomonas spp. (0) 

1 

0 


1 

0 


1 

0 


5 

0 


3 

Staphylococcus spp. (73) 

o 

0 


25 

0 


38 

0 


14 

0 


5 

Neisseria spp. (2) 

1 

0 





3 

0 





3 

N. gonorrhoeac (70) 

43 

13 

3 

40 

25 

0 

20 

0 

2 

58 

18 

2 

1 

N. intmeellularis (30) 

41 

3 

0 

27 

11 

2 

24 

7 

0 

30 

8 

1 

2 

PasteuTcUa spp. (25) 

4 

0 


11 

1 


14 

1 


2 

0 


3 

Brucella spp. (20) 

S 

0 


12 

1 

0 

8 

0 


1 

0 


S 

7/an)ioph{!(u spp. (15) 

3 

2 

0 

10 

2 

1 

20 

1 

0 

15 

1 

0 

2 

IL pertussis (41) 

0 

3 

2 

14 

4 

0 

27 

1 

0 

0 

0 

0 

3 

D. pneumoniae (41) 

10 

0 


2 

0 


15 

0 


27 

0 


6 

Streptoeoceus spp. (123) 

21 

0 


41 

0 


54 

0 


no 

0 


5 

Laetobaeillus spp. (18) 




10 

2 

0 

1 

0 


8 

0 


3 

Bseh. eoli (113) 

72 

0 

0 

17 

1 

0 

51 

1 

0 

103 

0 


3 

Aerohacter spp. (8) 

2 

0 


2 

0 





G 

0 


3 

Klebsiella spp, (2) 

2 

0 


2 

0 


1 

0 


1 

0 


3 

iScrrofia spp. (4) 

3 

0 





4 

0 





3 

Proteus spp. (3) 

2 

0 


1 

0 


2 

0 





3 

Satmonclia spp. (105) 

42 

3 

2 

36 

2 


70 

4 

0 

64 

0 


3 

S/jigcgrt spp. (05) 

17 

G 

2 

22 

1 

0 

26 

3 

2 

15 

0 


2 

Listerella «pp. (2) 

1 

0 








1 

0 


3 

Bacillus spp. (20) 

2 

0 


8 

0 


3 

0 


10 

0 


• 5 

Cl. novyi (22) 

1 

0 


4 

0 


14 

0 


0 

0 


5 

Cl. perfringens (118) 




86 

5 

0 

22 

5 

0 

00 

3 

0 

3 

Cl. sepiicitm (40) 




27 

0 


17 

0 


10 

0 


5 

Clostridium spp. (32) 

1 

0 


14 

0 



0 


21 

0 


5 

C, (iiphtheriac (01) 

30 

2 

0 

21 

1 

0 

54 

0 


2 

0 


3 

C. pyogenes (65) 

48 

I 

0 

10 

0 


03 

1 


1 

0 


3 

CorynrMWmnm spp. (2 

1)3 

0 


7 

0 


7 

0 


11 

0 


3 

Myc(d>acteritm spp. (25 

3 

0 


17 

5 

0 

5 

0 





3 

Actinomyces spp. (5) 

1 

0 





3 

0 


1 

0 


3 

E. rhusiopathiae (5) 

4 

0 





0 

1 

0 

1 

0 


3 


being more marked with the organisms which arc most susceptible. It is 
probable that the results for saline were weiEbtcd in favour of survival ns the 
suspensions were not washed and therefore contained some soluble nutrients 
from the medium. The viability after freezing’ in other media, such ns scrum. 
10% gelatine, or .u/CO phosphate buffer was also determined; some of these 
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media were as effective as broth, but none markedly superior. It appears tliat, 
provided protective substances are present, the initial loss on freezing is 
entirely related to the bacterial species. We have compared, with a number of 
organisms, the percentage survival after freezing to - 17° and to - 78° and have 
observed little significant difference in the numbers of organisms which survive. 


Table 3. Viability of organisms after freezing in COg ice in broth and in saline 


0-2 ml. amounts of bacterial suspension frozen in small glass tubes; bottle method for 
wable counts. 


Percentage survivals after 
freezing to —78° in 


Organism 

Saline 

Broth 

Slaph. atiTcus 

lOD-0* 

100-0 

Esek. coli 

21-5 

52-0 

Sh. difsenteriae 

25-0 

9C-5 

V. comma 

120 

47-0 

N. inlracelhdaris 

50 

420 

N. gonorrhoeae 

1-5 

ISO 


* Presumably some disaggregation of clumps occurred. 


The survival of organisms after drying in broth and saline at room 
temperature or from the frozen state 

Table 4 summarizes the results of tests with six organisms of varying 
resistance to drying. Staphylococcus aureus represents the resistant class of 
Gram-positive cocci which remain viable in the dried state for many years. The 
survival rates may be as high as 100 %, and do not vary significantly whether 
the organism is dried in broth or saline, or at room temperature or from the 
frozen state. Escherichia coli and Shigella dysenieriae are intermediate in their 
resistance to drying, many cultures tending to die out after a few years as 
desiccates. The survival rate is still high, 20-60 %. On an average it is higher 
in cultures dried from the frozen state than in those dried at room temperature, 
although the difference is not marked. There is, however, a considerable 
diminution when saline is used as a suspending medium. Neisseria inira- 
cclhdaris, N. gonorrhoeas and Vibrio comma represent a class of organisms most 
sensitive to drying, the cultures beginning to die out after 2 years in the dried 
state. With these organisms the percentage survival is low, from 0-2 to 20%, 
and drying the culture either at room temperature or suspended in saline kills 
either all or nearly all the ceils. 

Effect of age of culture. The age of the culture has some effect on its resistance 
to drj'ing. Shigella dysenieriae was selected for test since it is intermediate in 
its resistance to drying. The organism was grown on agar and the total and 
viable counts made at intervals. The percentages of viable organisms at 5, 7, 
9, 12, 24, 48 and 72 hr. were 11, 18, 11, 15, 6-8, S-2 and 0-28 % respectively. The 
total counts were determined by opacity, using Brown’s tubes and tables, and 
the viable counts by Miles & Misra’s method (1938). In one experiment 7, 
23 and 72 hr. cultures were dried, and in another 7, 23 hr. and C-day cultures. 
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The first two periods were taken to represent approximately the beginning and 
end of the logarithmic growth stage and the last period the resting stage. 
Rather surprisingly the percentage survivals before and after drying were 20, 
12'5 and 4*8 respectively in the first cjqicriracnt and 24, 12*4 and 6*2 in the 

Table 4. Viabilihj of organisms suspended in hroih or saline and dried a( 
room temperature or from the frozen state after freezing in CO. ice 


Viable counts by bottle metbod described in text. 



Suspending 

Temperature 

Survivals in difTcrent 

Organisms 

medium 

of drying 

experiments (%) 

Staph. Qiirens 

Broth 

Boom 

88'C, 51-5, 140 0, CO 0. 140 0 



-78* 

441, 42-4, C2 1, 127, 73 8 


Saline 

Boom 

34-0, 17-2 



-78* 

4-1-1, 27-D 

Esch. coli 

Broth 

Boom 

43-3, 40-2 



—78* 

C4-0. 25-0, 42-4, 34-5, 31-0 


Saline 

Boom 

3'57, 1*2 



-78* 

58-7, 40 

Sh. difsenteriae 

Broth 

Boom 

33-2, 20-1 



-78* 

42-3, 10-4, 20-7, 28-2, 11*4 


Saline 

Boom 

0-74, 0-51 



—78* 

2‘3, 3-2 

N. intracellularis 

Broth 

Boom 

0-60, 0 or, 0*15 



-78* 

3C-2, 10-7, 28-8 


Saline 

-78* 

0 003, 0 011,0 03 

V. comma 

Broth 

Room 

5-5, C-2 



-78* 

4-7, 0 0, 2 0 


Saline 

-78* 

0-1,0 003, 0 01 

N. gonorrhoeac 

BroUi 

Boom 

Nil, Nil. Nil 



-78* 

0 00, 1*03, 0-20 


Saline 

Boom 

Nil. Nil, Nil 



-78* 

Nil, Nil, Nil 


second. This suggests that young cultures arc more resistant to drying, the 
sensitivity increasing somewhat with age. Similar results were obtained with 
Escherichia coU, but the differences were less marked. 

Storage loss 

The initial loss on drying a bacterial culture is related chiclly to the species. 
In the present state of knowledge it is unlikely that it wll vary much for 
a given organism dried by the various methods so far described, always 
provided a protective substance is present and tlic organism is dried from tlic 
frozen state. But in addition to the initial loss, there is a considerable and 
progressive storage loss which is the significant factor in maintaining a 
collection of bacterial desiccates. Tabic 5 gives the storage losses witli Esch. 
coli and Neisseria intracetlidaris at dirferent temperatures for a period of 
0 months. With these particular desiccates, which did not receive a secondary 
drying, tlic storage loss was considerable and showed a fairly steep temperature 
coclficicnt. 

At this stage an attempt was made to develop a method of determining the 
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probable storage loss without the long waiting period usually required. 
Accordingly counts were made on desiccates heated to 60, 80 and 100'’ for 
1 hr. The decrease in viable count was considerable (Table 6), We obtained 
evidence that this loss runs parallel with the storage loss at lower temperatures. 
For example, the survival rates in a dried suspension of iV. iniracelhdarh after 
primary and secondary drying and storage for 1 month at room temperature 

Table 5. Effect of temperature on storage loss 

Bottle method for wable counts. 

Percentage of surviving dried organisms 



Sundving 



liable after 



drying 

Temperature 

i 

A 


Organism 

process {%) 

. of storage 

2 weeks 

2 months 

6 months 

Esch, coli 

25 -0 

4“ 

83-1 

53-1 

2S-5 



Room 

52-3 

18-5 

10-8 



37“ 

28-5 

12-4 

4-15 

N. iniracellularis 

17-7 

4“ 

17-6 

18-2 

13-5 



Room 

7-1 

7-1 

4-0 



37“ 

30 

0002 

0-000 


were 0-5 and 3'2%, and after 6 months less than 0*1 and 1-4%. When these 
suspensions were heated immediately after completing the primary and 
secondary drying the survival rates after heating for 1 hr. at 60° were 0T3 and 
lO’O % and after 1 lir. at 80° were less than 0-02 and 0-1 % witli the primary 
and secondary dryings respectively. Similar results were obtained with a 
number of organisms, the dificrences between the two sets of figures varying 
considerably, according to the efficiency of the primary drying. It is likely that 
factors which lead to a high storage loss also result in a high loss on heating. 
This is a difficult point to prove decisively, and it is always possible tliat heating 
to high temperatures introduces factors which would not operate at room 
temperature. However, in practice it has proved a useful method of estimating 
probable storage loss. 

The most obvious factor which might affect storage loss is the dryness of the 
resultant desiccate. With the routine metliod of drying and sealing it is probable 


Table 6. Effect of heat on viability of dried cultures after primary 
and secondary drying 


Organism 

Drying 

Esc/i. coli 

Primary 

Secondary 

Sh, dysenteriae 

Primary 

Secondary 

N. iniracellularis 

^ Primary 
Seeondarj- 

N. gonorrhoeae 

Primary' 

Secondary 


Percentage of dried organisms surviving 


after 1 hr. at 

G0“ 

80“ 

100“ 

0-18 

0-001 

0-0002 

50-3 

9-8 

0-0008 

10-C 

0-0031 

0-000009 

25-0 

0-50 

0-00001 

O'll 

Nil 

Nil 

59-2 

0-79 


4-4 

Nil 

Nil 

43-3 

0-14 

Nil 
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that a slight and varying amount of moisture remains after the initial drying. 
It is apparent from Table C that the more effectively dried desiccates are more 
resistant to heat and v'ould probably survive for a longer period. IVe liavc 
observ'ed in the collection timt where a particular desiccate appears to be 
damp the culture is usually non-viable. 

Table 7 shows the surN’ival rate on drying and heating to GO and 80® for 
a variety of non-sporing pathogens. Counts were made by Miles & ^lisra’s 
(1938) method. The organisms arc listed in the order of survival nite after 
secondary drying. The organisms most resistant to drying arc most resistant 
to 80® for 1 hr., and would presumably surviv'c longer in the dried state. The 
results correlate well with our general experience with the collection; that is, 
the sur\’ival rate after drying indicates the ability of a strain to survive in the 
dried state. The survival rate after heating to 80® also indicates, in addition, 
the probable storage life of that particular drying. 


Table 7. Effect of heat on dried cultures of bacteria 
Dried organisms 


Species 

Organisms 

surviving 

drj-ing(%) 

\iab!e after 1 hr. (%) 

at 60* at 80® 

Surs'ival in the 
collection 

Str. pyoge7ics 

120 0* 

1200 

C80 

Good 

Br. abortus 

100 0 

820 

20-0 

Good 

Ery. rhusiopathiae 

cr -0 

820 

70 0 

Good 

H. pertussis 

490 

GOO 

80 

Intermediate 

C, diphtberiae 

40 0 

020 

250 

Good 

SaUnoneUa typima 

370 

220 

70 

Intermediate 

Esch. coU 

300 

600 

63 

Inlcnnetllate 

Sh. dysenteriae 

100 

250 

0-5 

Poor 

iV. inlracellularis 

7-G 

100 

0-14 

Poor 

II. injlnenzac 

0-5 

500 

0-4 

Poor 

Past. hovisepUca 

GO 

020 

20 

Intcrmcdialu 

K. gnnorrhocae 

0-3 

350 

ou 

Poor 


* Presumably due to disaggregation of clumps. 


A few tests were made of the effect of gases on storage loss. Cultures after 
primary drying were redried on a gloss manifold for 4 days over PfiOg under 
high vacuum. The manifold wits so arranged th.at the tubes could be sealed 
cither in vacuo or containing selected gases. Cultures scaled in vacuo, dry 
nitrogen, oxygen, air and by the routine process w’cre compared. In one 
c.xpcrjment with N, inlracellularis the survival rates after 1 hr. at 80® of 
cultures sealed in oxygen, air, nitrogen, t« vacuo and by the routine process were 
1*4, 0-9, O'O, 9-4 and 0-7 % respectively. The nitrogen was dr}' and the oxygen 
probably dry, and the air was let in from the atmosphere. TIicsc results suggest 
tliat the storage loss with air, oxygen or the routine sc.aling process is about 
ten times as great as when the tubes are scaled in nitrogen or vacuum without 
being cxj)Oscd to the atmosphere before scaling. It is likely that the loss with 
oxygen was due to the gas, although from the tests so far made it is not 
possible to exclude the possibility that it was due in part to traces of moisture. 
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DISCUSSION 

Our experience with a working collection of 1500-2000 strains of bacteria has 
shown that it is practical, economical and efficient to keep them as desiccates. 
The main interest of many of these strains has been their specific pathogenic, 
toxigenic or antigenic properties, and it has been necessary not only to main- 
tain pure eidtures but cultures retaining these characteristics quantitatively. 
A very large number of strains and species in our collection have been used 
repeatedly for virulence tests, toxin production, the preparation of diagnostic 
sera and suspensions, sensitivity to chemotherapeutic agents, etc., and so far 
as can be ascertained they have been found to maintain quantitatively, in the 
dried state, the properties of the original cultures. It is possible that this may 
not always be the case, but we have not yet observed any exceptions. We have 
noticed that dried cultures have an unusually long lag phase when sub- 
cultivated, and are best recovered on a medium of optimal growth-promoting 
properties. We have observed that motility is not evident immediately on 
reconstituting a dried motile bacillus, but is observable within half an hour, 
before any extensive multiplication could have occurred. 

The teelmical staff necessary for maintaining the collection is relatively 
small. One senior technician and two assistants have been able to perform the 
drying and checking of cultures, the standard bacteriological examination of 
the strains and the issue of some 3000 cultures a year. The alternative methods 
of keeping the strains with the consequent subculturing, repetition of animal 
passage, selection of colonies and so on would be impracticable. 

In keeping a collection of bacterial desiccates the methods employed should 
ensure a high percentage survival on drying and Ioav storage loss. The routine 
should be simple enough for a responsible junior technician, and should ensure 
that the cultures are kept pure during the process of drying and recovery. For 
this reason we dislike the process of snap-freezing, which cannot be done 
through cotton-wool plugs, and the drying of drops of culture on cellophan 
squares. Both of these processes add to the risk of contamination; this becomes 
more than a theoretical point when large numbers of cultures arc being dried. 
We have done sufficient experiments with snap-freezing, Rayner’s method 
(1943) and Stamp’s method (1947) to be satisfied that these methods do not 
give significantly higher survival rates than our routine process. We have been 
unable to relate the low storage loss reported bj'^ Stamp (1947) to the medium 
he employs, and believe this to be due to the efficiency of the secondary drying. 

Providing that certain precautions be taken, such as using a protective 
colloid and drying from the frozen state, the percentage of organisms surviving 
initially is dependent only on the strain. The nature of the protective colloid, 
the age of the culture and the temperature at which the organisms are frozen 
and from which they are dried, and the numerous techniques of freeze-drying 
described in the literature, may make some difference to the initial survival 
rate, but in our experience these differences have been small and not very 
important. Our experiments throw some light on the cause of death by 
freezing for which tv’o main reasons have been advanced (cf. Rahn, 194o). 
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These arc: damage to the cell by intracellular or extraccIUilariccformation, and 
protein denaturation due to changes in the physical state. We have obscrv’cd 
that only two factors influence tlie survival rate after freezing: the species and 
the nature of the suspending medium. Since protective colloids, such as 
gelatine, which cannot pass through the cell wall, materially decrease the loss 
on freezing, it seems probable that extracellular factors, presumably ice 
formation, are responsible for death. Wc favour the hypothesis that the cell 
wall is punctured by extracellular ice crystals. Species differences would then 
be differences in the strength of the cell wall; in this connexion it may be more 
than a coincidence that organisms such os Neisseria iniracellularis, N. gonor- 
rhoeae and Fftrtocomraa, which are particularly susceptible to freezing, often 
show many degenerative forms on microscopical examination. The function 
of tlie protective colloid would then be to protect the organism against damage 
by ice crystals. 

We have found two factors of paramount importance in avoiding a high 
storage loss. In the first place the cultures must be as drj' as possible ; secondly, 
they should be sealed in an atmosphere of dr^'^ nitrogen or in vaaio. It is 
possible that both the presence of oxygen and of traces of moisture arc 
responsible for the higher storage loss when tlic tubes are taken out of the 
desiccator before sealing. Cultures that arc not completely dr>' will not keep 
well in any case, but it is probable tliat even with completely dry ctilturcs the 
storage loss would be less in vacuo or in nitrogen than in oxygen or air. The 
temperature of storage also has some effect, and dried cultures survive longer 
in the cold room tlian at room temperature. One difficulty of scaling in vactio 
is that when the tubes arc opened the innish of air is likely to contaminate the 
culture, or, when the tubes are scaled over a cotton-wool plug, to push the plug 
down to the bottom of the tube when it is opened; consequently wc prcfcrsealing 
in dry nitrogen. The difficulty with nitrogen is that one cannot easily test for 
pinholes which may be present after the sealing process, ns can be done when 
scaling in vacuo, by a high-tension vacuum tester. Wc have attempted to 
overcome this difficulty by including a few granules of dried silica gel over the 
cotton-wool plug. This acts as a secondary desiccant and in the presence of 
a leak absorbs moisture from the atmosphere, changing colour and acting ns 
an indicator of the faulty sealed tubes. In practice the imperfectly scaled tube 
has been rare. 

One of the difficulties in keeping a collection of desiccates is to know how 
any particular dr>*ing will survive, and a routine test to ascertain this would 
be of extreme value. We have devised such a test, which in our limitc<l 
experience is promising. The test consists in heating one tube of the batch in a 
wntcr-bath for 1 hr. at 80® and subcuUivating. The number of organisms dried 
by the routine process is of the order of 10’. Should the drj’ing be satisfactory, 
then after heating the number of organisms which survive should be of the 
order of 10’ or more in the resistant and intennedinte groups, and 10* in 
the susceptible group. If the drying is unsatisfactory the siir\’iv.als are from 
100 to more than 1000 times less (see Tables C and 7). Consequently if alx)ut 
2 ml. of broth arc added to the heated tube and 1 drop (about 0-05 ml.) is 
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placed on an agar medium plate, then with a successful drying there should 
be confluent growth with the resistant and intermediate groups and a fairly 
large number of colonies with the susceptible group. With an unsuccessful 
drying there would be isolated colonies with the first two groups and no 
growth with the last. 

Our thanks are due to Mr E. Harris for technical assistance in maintaining the 
bacterial collection. 
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The Production of Penicillin in Surface Culture, 
using Chemically Defined Media 

By C. T. CALAM and D. J. D. HOCICENHULL 

Imperial Chemical Industries Ltd^, Biological Laboratories, 
Blackley^ Mandicsfer 


SURULVRY : Tlic production of pcnicUlin by Venieillium nolaUim in surface culture 
on a number of chemically defined media is described. Good results \verc obtained 
with media containing lactose, glucose, acetic, ci tricond phenylacetic acids, ammonium 
sulphate and inorganic salts. The yield of penicillin was raised by furtlicr addition 
of starch and an aliphatic base such as clhylamine. In the latter instance the 
penicillin yield was about the same as tliat obtained with media containing com-steep 
liquor. 

A suitable addition of mineral salts should include magnesium, potassium, iron, 
zinc, copper, manganese, cobalt, phosphate and fluoride. 

Tlie addition of starch and cthylamine increased the growth of the mould and 
produced crinkled felts similar to those obtained with com-steep liquor. These media 
have a composition which is in many ways comparable with that of media containing 
com-steep liquor, and it seems likely that com-steep liquor owes iU cfTcctivcness to 
the fortuitous presence in It of several 13^^05 of substances rather tlmn to one 
substance. 

Although media containing lactose and corn-steep liquor (hereafter referred 
to as CSL) are usually used for the preparation of penicillin, considcmble 
interest has been shown in chemically defined media. Apart from their possible 
technical value, such media ma 3 * be a means of throwing light on the 
mechanism of penicillin formation. 

A number of chemically defined media Ims already been described whieh 
are claimed to give high yields of iicnicillin in surface culture. IMiitc, Krampitz 
& Workman (1915) described a medium containing lactose, glucose, arginine, 
bistidinc and glutamic acid; this recipe was based on nnah’ses made on CSL. 
Cook & Brown (1940, 19 17) subsequent!)’’ described media containing gelatine 
or leucine and sugars, and also used media containing a varict)’ of simple and 
complex nitrogen sources. More rcccntl)* a patent spcciflcation (Glaxo 
Laboratories Ltd., British Drug Houses Ltd., Bide, Mend, Smith & Slack, 
1047), has been published describing a number of more or less chcmicall}* 
defined media, which contained cystine or protein hydrolysatas, in addition to 
pben 3 ’lacctic acid or some similar substance with a suitably substituted 
benz)’! group. A group of workers at Wisconsin has described media for the 
production of penicillin in submcrgctl culture (cf, Jarvis & Johnson, 1017; 
Iliguchi, Jarv'is, Peterson & Johnson, 1910); these media conUiincd, in addition 
to carbohydrates, lactate, acetate, ammonia and frequently phcn 3 ’lacclamitlc 
or a similar substance. The reason for the high productivil)* of inctlia containing 
CSL has not 3 *ct been complctcU' explained; current opinion is that it ma)' be 
due to the presence of certain anuno-ocids in conjunction with substances like 
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^-phenylethylanaine, which CSL is known to contain (Glaxo Laboratories Ltd. 
et al. 1947), and which enter directly into the penicillin molecule, thus 
stimulating production. 

When the present work was begun we thought that the amino-acids were 
not perhaps of specific importance, and that they could probably be replaced 
by a suitable organic acid or by a mixture of acids. The stimulation of growth 
of Phycomyces hlakesleeanus by the addition of organic acids to the medium 
had already been described by several groups of workers (e.g. Leonian & Lilly, 
1940), while the Wisconsin workers mentioned above had already described their 
use for submerged cultures of Penicillium. Marloth (1931) had also shown that 
the addition of citrate to media containing sucrose increased the growth of two 
species of Penicillium. 

Preliminary experiments showed that media eontaining fairly high con- 
centrations of eitric acid gave fairly good yields of penicillin, and a basal 
medium was devised containing lactose, glucose, acetic acid, citric acid, 
ammonium salts, phenylacetic acid and metallic salts. This medium gave yields 
of 70-90 units of penicillin/ml., but these were lower than those obtained with 
media containing CSL, which usually give 100-140 units/ml. under our con- 
ditions of culture. The weight of mycelium produced was also less, and the 
felts were smooth and wa-^^y rather than crinkly and without the cracked and 
pitted undersurface usually obtained with CSL. In order to enrich the medium 
without the use of protein hydrolysates or amino-acids, ethylamine or other 
aliphatic bases together with starch were added. This resulted in the pro- 
duction of thick, crinkly felts with pitted undersurface which are characteristic 
of CSL growths. The yield of penicillin was also raised to levels obtained with 
CSL. In the course of our experiments tests were made of the effects of 
varying the concentrations of the various ingredients, carbohydrates, organic 
acids, ammonium concentration, etc. Difficulties which occurred at one 
period also led to a brief investigation of the inorganic requirements of the 
mould. 


. EXPERIMENTAL 

Cultural conditio7is and methods. The organism used throughout this work 
was derived from the original Peoria strain Penicillium notatum, 1249 B21 (the 
culture used is labelled by us M2). For the inoculation of cultures the mould 
was grovTi on glycerol-molasses-peptonc agar (cf. Frank, Calam & Gregory, 
1948), and the spores brought into aqueous suspension by milling with glass 
beads. One ml. of suspension, containing 5 x 10® spores, was added to each 
flask of medium under test. On occasion wc have also used suspensions 
containing 5 x 10" spores/ml.; these have given equally satisfactory results. 

^ledia imder examination were put up in 250 ml. P3uex conical flasks 
containing 100 ml. of medium. The depth of medium is thus 25 mm., which 
is similar to that used in commercial practice. Three or four replicate flasks 
were normally employed. All flasks, etc., were sterilized by autoclaving for 
20 min. at 15 Ib./sq.in., and after inoculation were incubated, stationary, 
at 23-24°. 
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PenidUin was assayed by the cylindcr-plate method normally used in these 
laboratories, using B. subtilis as test organism (ef. Foster & WoodnilT, 194-1). 
F or assay, metabolism solutions were diluted twenty-fold with water. Differences 
of 5-10 % arc distin^ishnblc by this procedure. 

Media. Preliminary experiments indicated that a medium of the following 
composition was likely to be of interest, and experiments were therefore based 
on it (all figures as % w/v): lactose, 3; glucose, 1; citric acid, 1; acetic acid, 
0-25; phcnylacetic acid, 0*0o; ammonium sulphate, 0*5; MgSO^.TH-O, 0 05; 
lOIoPOj, 01; CuSO^.SHA 0 001; FcSO^.THA 0 002; ZnSO^.THaO, 0 001; 
MnSO4.4H2O,0*001;Co(NO3)2»6HA0-002;NaF,0001;pHadjustcdto5-0-5-9 
with potassium hydroxide; water to 100. This recipe will be referred to as Basal 
Medium. Tliroughout, the figures given represent the total concentration in 
the medium and arc given as % w/v. As far as possible A.Il. or B.P, materials 
were used for medium preparation. Shortages necessitated the use of glucose 
chips instead of A.R. glucose in many experiments. 


RESULTS 

Inorganic components 

There is considerable evidence in the literature that the pcnicillimproducing 
Penicillia are fairly e.xacting in tlicir mineral requirements. Knight Sc Frazier 
(1945) have shown that with their chemically defined mcdi\im, penicillin titres 
were increased when ash from CSL was added. Pratt (1945) showed that there 
>Yere optimal concentrations for MgSOj, IvIIjPOj and NaNO^ when added to 
media containing CSL, and Cook, TuUoch, Brown Sc Brodie (1945) found 
that the ash from certain pea fractions was beneficial to penicillin production. 
More recently Kofficr, Knight & Frazier (1047) made a further study, using 
P. chrysogemim X-1012, of the causes of the stimulatory dtect of the ash of 
CSL mentioned above. They concludctl that Fc and phosphate were tlic active 
constituents of the ash. The presence of more than 2 p.p.m. Cu prevented the 
formation of penicillin, but the addition of 1 p.p.m. Fc antagonized this effect 
and good yields of penicillin were obtained. Pratt Sc Dufrenoy (1047) have also 
shown that P. chrysogemim X-1G12 gave improved yields of penicillin wlicn 
traces of Cr and Al were added to chemically defined media. 

In our earliest experiments additions of inorganic salts to the media con* 
sisted of small quantities of l-QI^PO^ and the sulphates of Mg, Fc, Zn, Cu and 
Mn (referred to as GA salts). It appeared later that these were not adequate 
and that we were relying on casual impurities in the ingredients to supply the 
requirements of the organism. 

In some of our cultures poor growth of the mould was accompanied by low 
litres; 30-50 units/nil. iastead of 70-90 units/ml. Dricil felts weighed 0*4-0*5 
g./fiask instead of 0*7-0*8 g./fiask. Tliis bcliaviour suggestcil that tlic mould 
was being deprived of necessarj' inorganic nutrients or trace elements, especially 
because there was usually an increase in tlie litre when the ash from CSL was 
added to the medium. Thus in one experiment litres were raised from 51 to 
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78 units/ml. on the 10th day by addition of the ash from the equivalent of 
0-67% (w/v) of CSL solids. 

Spectrographic analyses of ash of a sample of British CSL showed that il; 
contained considerable quantities of Mg, K, Na and P. There were small 
amounts of Fe, Mn and B and traces of Al, Cu, Zn, Si, Sn and Ga. On the other 
hand, Se, Cb, Co, Ni and Mo were absent. Spore suspensions, as used for 
inoculation, contained Na, Mg, and lesser quantities of Si, Mn, Fe, and 
probably B ; Sn, W, Mo, Cb, Sc, Co and Ni were absent. 

These results for the analysis of CSL ash do not differ substantially from those 
described by Koffler et al. (1947), except that the American workers covered 
a someAvhat wider range of elements. The American CSL contained traces of Co 
andNi, whereas thesewere absent in the British materials. Quantitative analyses 
of four other batches of British CSL gave the following results : Mg, 0-12-0-38 % ; 
K, 2-2-4%; phosphate, 2-5-3-6%; Cu, 4-40p.p.m.; Zn, 44-65 p.p.m,; Fe, 
250-325 p.p.m., based on the liquid which contained 35 % (w/v) solids. 

Experiments were carried out in which the effect of adding various elements 
was tested. The elements tested included Cu, Zn, Fe, Mn, Mg, Mo, W, F, I, Co, 
Sn, Rb, Ag and Al. Of these all except the last foirr gave results of interest. 
The results of a tj'pical experiment are given to illustrate the methods used. 
To Basal I\Iedium, with no salt addition except Na 2 S 04 , NH4NO3, KOH and 
KH 2 PO 4 , there were added all combinations of 1 % (v/v) of solutions which 
contained the following salts in 1 1 , of water: 

(c) CUSO 4 , ZnS 04 , MnS 04 , 1 g.; FeS 04 , 2 g. (d) NaF, KI, 1 g, 

(b) MgS 04 , 7 H 20 , 50 g. (a) Co(NO 3 ) 2 . 0 H 2 O, 1 g. 

(c) Na molybdate and Na tungstate, 1 g. 

Groups of ingredients were used in this way to reduce the number of treatments, 
■which was 32. The mean titre was 57 units/ml., the group with no additions 
having a titre of 48 units/ml. The mean effects of the five treatments were: 
(c) +2 units/ml.; (^») + 6 ; (c) -3; (d) +3; (e) +4. There were some positive 
interactions, so that with suitable additions titres were of the order of 70-75 
units/ml. 

On the basis of this and similar experiments a salt addition was devised in 
which the following supplements (quoted above in the recipe for the Basal 
Medium) were made: ICH 2 PO 4 , 0 - 1 %; MgS 04 . 7 H 20 , 0-05%; FeS 04 . 7 H 20 , 
ZnS 04 . 7 H; 0 , MnS 04 . 4 H 2 b, CuS 04 . 5 H 20 , 0 - 001 % each; Co(N 03 ) 2 .GH 20 , 
0-002 %; and NaF, 0-001 %. The concentrations of the various elements were 
determined as a result of separate experiments. Iodide was found to be 
deleterious. When media were made up with this salt the ash of CSL ceased 
to have a stimulatory effect. 

With most batches of ingredients, media containing the original GA salt 
addition gave results similar to those quoted for the Basal iMedium, which 
contains the above salt additions. This is no doubt due to the accidental 
presence of the necessary elements in the various ingredients. Thus in a 
certain experiment the addition of 5 p.p.m. fluorine had no effect; analysis 
showed, however, that the unsupplemented medium already contained 8 p.p.m. 
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The experiments described above do not define exactly the inorganic require- 
ments of tlie mould, but show that growth and penicillin production are 
satisfactory when Mg, K, P, Fe, Cu, Mn, 2n, Co and F are added to the medium. 
It is possible that the elements in the ash of CSL that produce the stimulatory' 
eiTect are different from these, but that one of them is a satisfactory substitute. 
Our results differ from those of KoITler et al. (1047), especially in that low 
litres were obtained even in the presence of Fc. However, it is possible 
that the two strains of Penicilliumt 1249 B21’and X-1012, differ in their 
mineral requirements. 


Organic coniponenis 

Citric and acetic acid. The effect of varj'ing the concentration of citric acid 
in the Basal iledium was first studied. The use of citric acid in chemically 
defined media had already been described by Clayton, Hems, Robinson, 
Andrews & Hunwick (1941), but in that instance low concentrations of the 
acid (0-2 % sodium citrate) were used. Higher concentrations than this are 
necessary if high yields of penicillin arc to be obtained. Thus, in one experiment 

Table 1. Penicillin production Tcith citric and acetic acid 

The Basal Medium was used with 0*5 % instc.'id of (KlldiSO* 

and sugars as indicated. 


Mean litres (units/ml.) on 0th Mean litres (unlU/ml.) on 8lh 

and 7th days and OUi tint's 

Acetic acid (%) Acetic acid (%) 


Citric 
add (%) 

0 

0125 

025 

05 

Citric 
acid (%) 

0 

0125 

023 

0-5 




1. 'With 

2% glucose and 2% 

lactose. 




0 

0 

0 

23 

25 

0 

0 

0 

10 

35 

0-5 

28 

4-; 

GO 

70 

0-5 

38 

4S 

C2 

71 

10 

50 

72 

04 

51 

1-0 

51 

08 

70 

70 

1‘5 

50 

01 

70 

4-1 

1-5 

74 

74 

70 

7.T 


Mean of 0 best litres 07 

units/ml. 


Mean of 0 best litres 75 unils/nd. 




2. IVith 1 % glucose and 3 % 

lactose. 




0 

0 

0 

21 

21 

0 

0 

tr 

40 

20 

0 5 

17 

28 

88 

58 

0-5 

21 

87 

40 

01 

10 

87 

84 

Cl 

01 

1-0 

42 

50 

78 

70 

1-5 

45 

50 

58 

57 

1-5 

05 

74 

78 

81 


Mean of 0 best litres S8 units^ml. Mean of 0 l)cst litres 75 unit-s/ml. 


the titres at 9 days were 23, 02, 83 and 91 units/ml. with 0'2, 0-5, 0-8 and 1*2 % 
respectively of citric acid. Table 1 illustrates another experiment, in which 
various concentrations of acetic and citric acid were employed. It will be 
noted that in the test of citric acid, litres rose slightly more rapidly with the 
2 % glucose 2 % lactose mixture, but that othcrsvisc the two sets gave similar 
results. The highest titres were obtained with 1'0-1'5% citric acid. 

Xo acid or mixture of acids has so far been found that is quite so effective 
n.s citric acid in chemically defined media, although some give quite good 
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results. The acids tested included glutamic, succinic, malic, lactic and tartaric 
acids, as well as mixtmres of glutamic acid and either succinic acid or 
butyleneglycol. 

Many substances can replace acetic acid. These include: succinic acid, oxalic 
acid, nucleic acid, acetylcholine, glutamic acid, diethylamine, sarcosine, glycerol, 
ethanol, iso-propanol, n-biitanol, aspartic acid, hydroxypropionic acid, glutamic 
acid, oxalic acid. Benzylalcohol, glycine, glycollic acid, methanol, alanine, 
lactic acid and iso-caprylic alcohol were unsatisfactory. 

Carbohydrates. The use of lactose follows current practice in penicillin work 
(Moyer & Coghill, 1946). The addition of glucose was found necessary by us if 
rapid growth were to be obtained. The concentrations used, lactose 3 % and 
glucose 1 % , were chosen empirically, and such tests as have been carried out 
suggest that these concentrations are as good as any, though in Table 1, where 
media are compared containing two different mixtures of the sugars, there is 
a suggestion that penicillin production is slightly more rapid with the 2 : 2 than 
with the 3:1 combination. Initially A.R. glucose was used, but this later 
became unobtainable and commercial glucose chips were used thereafter. 
Comparative experiments showed that both grades of glucose gave satisfactory 
results. Glycerol can replace glucose in synthetic media, but ethyleneglycol 
and 2:3-butyleneglycol are unsuitable for this purpose. The use of dextrins or 
starches as carbohydrates is discussed below. In another experiment the effect 
of varying the quantity of glucose in the presence and absence of acetic acid 
was tested. In the presence or absence of acetic acid an increase in the con- 
centration of glucose from 0-5 to 1 % raised the titre on the 8 th day by about 
40 % . A further increase to 2 % produced no improvement. Media containing 
starch and ethylamine give a different effect (see below, Table 5). 

Ammonia, nitrate, sulphate and the use of potassium and sodium for neutraliza- 
tion^ In a survey experiment all combinations of these factors were tested 
using tliree concentrations of each. The Basal Medium contained 2 % lactose, 
2% glucose, 1-5% citric acid, 0-125% acetic acid, 0-03% phenylacetic acid 
and salts. To these were added all combinations of: 


Sulphuric acid (%) 

0-5 

1-0 

20 

Nitric acid (%) 

0 

0-5 

1-0 

Ammonia (as NHj, %) 

008 

OIC 

OS 


The media were adjusted to pH 5-7 with mixtures of sodium and potassium 
hydroxides in the ratios 1 : 0 , 1 : 1 , 0 : 1 . The experiment was thus a3x3x3x3 
factorial design with 81 combinations. 

The average penicillin litres for the different concentrations of ammonia 
and for the different neutralization mixtures were: 

NH, (%): 0 08, 010, 0-5; 38, 71, 31 units/ml. 

Na/K:: 1:0, 1:1, 0:1; 43, 49, 47 units/ml. 

The ammonia concentration of 0-16% was thus optimal, and potassium or 
a mixture of sodium and potassium was better for neutralization than sodium 
alone. Taking the results for the media containing 0-16 % NH 3 neutralized with 
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sulphate is shown in Table 2. Sulphuric acid was best at 0-5 % , and nitric acid 
was better at 0*5 % tlian at 0 or 1 % with this concentration of sulphuric acid. 

The two basal media commonly used, incorporating 0*5 % of cither ammonium 
sulphate or ammonium nitrate, contained 0*124 and 0*100% NHj respectively. 
As it was thought that the former gave slightly higher litres the matter was 
investigated in two experiments, over a range of 0 05-0*3% NH^. The best 
litres were obtained with about 0*13 %NH 3 . Mycelial weights were highest 
with rather more ammonia (c. 0*22%). The presence or absence of nitrate 
(0*5 %) did not affect these optima, nor did a change in the concentration of 
citric acid from 0*9 to 1*5 %. In one experiment litres were the same with or 
without nitrate, in the other nitrate increased the average from 70 to 83 
units/ml. 

Table 2. Effect of concentration of nitrate and sidyhate on penicillin production 

Sulphuric acid (%) 

0-5 10 20 

Nitric Titles (units/ml.) 

ncid (%) ^ , 

0 73 72 01 

0*3 02 78 50 

1*0 70 78 50 

From these experiments it was concluded that tlie addition of about 0*5% 
ammonium sulphate is suitable and that neutralization with potassium is 
advantageous. The concentration of ammonia is rather sharply optimal at 
0*18 % . Nitrate usually increased the production of penicillin slightly, generally 
about 10%. 

Vhenylacciic acid and ffphenijlelhylamine. The great increase in pcniciUin pro- 
duction wliich follows the addition of phcnyincctic acid or other suitable 
compounds containing the benzyl radical is now well loiown (cf. Glaxo Labora- 
tories Ltd. et al. 1947). ^Yhcn phcnylclhylnminc is used it is probably oxidized 
before utilization. It was thought that this substance or a combination of it with 
phcnylacctic ncid might give better results than the ncid alone, since its action 
might be more prolonged. An experiment showed that although the litres 
obtained with /?-phenylcthylaminc were slightly Iiighcr than those with phcnyl- 
acctic acid, the difference between the two was insignificant. 

Sulphur sources. In our experiments sulphate has normally been used ns 
a source of sulphur. Cystine and methionine arc also satisfactory sources of 
sulphate, though in our hands they linvc not proved superior to sulphate. 
A detailed study of the sulphur metabolism of P. notaium has recently been 
made and will be published soon. 

Starches, The idea of adding starches and organic bases arose from a con- 
sideration of CSL, which, it was thought, might well contain substances of 
these types. A considerable number of different Ij^pes of starches and dextrins 
exist, and an experiment was carried out in which several different kinds ucrc 
added to the Basal Medium (with 0*5% Nil, NO, and 1*5% citric add). Of 
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the stoches 1 or 3 % were added with 3 % lactose and 1 % glucose respectively. 
The two sets were inoculated and incubated side by side. The results of this 
experiment are shown in Table 3. 

Table 3. Penicillin ’production by media co?}taining dexirins 
instead of glucose or lactose 


Days 

> 



8 

9 

10 

Felt 

Carbohydrate 

t 

Titre (units/ml.) 

.. . A 

1 

irt./flask 

is-) 

(a) With 3 % lactose and 1 % carbohydrate. 



Soluble starch (B.D.H. Ltd.) A.R. 

46 

22 

82 


ItTiite maize dextrin 

35 

57 

79 


Yellow maize dextrin 

15 

27 

35 


British gum 

89 

54 

03 


British gum (dark) 

24 

41 

58 



Chlorinated gum 250 

51 

84 

77 



Chlorinated gum 300 

56 

03 

07 


Wet acid dextrinized gum 

55 

71 

77 


Alkali treated gum 

37 

64 

08 


Glucose (crude) chips 

68 

82 

88 

002 

Pure glucose 

08 

84 

88 

— 

(6) With 3 % carbohydrate and 1 % glucose. 



Soluble starch (B.D.H. Ltd.) A.R. 

84 

89 

92 

0*08 

AVhite maize dextrin 

59 

71 

77 

1'12 

Yellow maize dextrin 

38 

'50 

70 


British gum 

45 

58 

05 

— 

British gum (dark) 

39 

52 

59 

— 

Chlorinated gum 250 

28 

03 

71 

3*03 

Chlorinated gum 300 

29 

55 

78 

— 

Wet acid dextrinized gum 

47 

72 

76 

— 

Alkali treated gum 

G1 . 

72 

02 

— 

Lactose B.P. 

08 

84 

88 



It was apparent from this experiment that soluble starch and the alkali- 
treated gum could be substituted for lactose. The second set of media gave 
nigher titres than the first. It was noticed that with most of the media 
containing 3 % polysaccharide the growth habit of the mould resembled that 
on CSL to such an extent that it was almost impossible to distinguish mycelial 
felts of similar age grown on the chemically defined medium containing the 
cWorinated gum 250 from those grovm on a normal CSL medium. With many of 
the starches at the 3 % level the mj^celial felt weights were also higher than with 
lactose. Taken together the results of these experiments show that, with suitably 
chosen mixtures, starch or dextrin can replace lactose in this type of chemically 
defined medium, but that the titres are not much enhanced by these additions. 

Organic bases. A preliminary experiment with some organic bases indicated 
that the addition of ethylamine to media as a source of nitrogen might be 
useful. It also showed that ethanolamine, nitrate and urea were less satisfactory, 
while tricthylamine, hexamethylenediamine, octadecylamine and dibutyl- 
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amine-propylamine failed to support growtli. Ethylaminc was therefore 
selected for further trial. 

A large experiment was set up in which three mixtures of sugars and tlircc 
mixtures of citric and acetic acid were tested with the addition of ammonia 
(0, 0-00 and 0-13 % as NH 3 ) ethylaminc (0, 0*3 and O G %) n 7 id starch (0, 1 and 
2 %). The Basal Medium containing 2 % glucose and 2 % lactose was the 
best of those tested, and addition of citric acid in the usual way seemed 
advisable. Ammonia enhanced the litres as starch did, 1 or 2 % giving about 
the same results. Ethylaminc was best at 0*3%, 

On the basis of these and a few other experiments it was concluded that as 
a basis for investigation the Basal Medium given above, witli tlic addition of 
0*3 % ethylaminc and 1-5 % starch, would be suitable. This medium contains 
too many components for a trial of every combination, so the effect on 
penicillin litre of varying the composition of the medium was tested in a number 
of small experiments dealing with only a few of these components. TIxe factors 
investigated included the effect of varying the concentrations of ethylaminc, 
starch, glucose, acetic acid and ammonia. A number of other organic bases 
were also tested. The results of these experiments arc sho%NTi in Tables 4-6. 

Table 4. Penicillin production with different conceuirnfions of starch 
and ethijlamine 

Basal Medium but with 0*5 % glucose instead of 1 % . 

Ethylaminc {%) 


015 0-3 0-45 

Starch Titres (units/ml.) lOUi day 

(%) . • . 


0 

78 

50 

ns 

1 

81 

67 

40 

2 

100 

105 

72 


With this basal medium the best results were clearly given by 2 % starch 
and not more than 0*3 % ethylaminc. In another test with 2 % glucose and no 
acetic acid, the highest litre was 100 units/ml. with 0*45% ethylaminc and 
1 % starch. 

Tabic 5. Effect of concentration of glucose and acetic add on penicillin 
production idih Basal Medium plus starch and ethylaminc 
Glucose (%) 

0*5 1-0 52 0 

Arctic Titres (units/ml.) lOlh dtiy 

ncicl(%) , . 

0 09 08 10 

0-25 85 111 120 

The results quoted in Tabic 5 show the effect of addition of glucose and 
acetic acid to Basal Medium containing starch and ethylaminc. They were 
confinned in repeat experiments, and should be coniparcd with the results for 
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the same basal medium but without the starch and ethylamine. These showed 
that in the absence of starch and ethylamine penicillin production increased 
with glucose concentration whether acetic acid was present or not. Table 5, 
how'ever, shows that when starch and ethylamine were present, increased 
concentration of glucose reduced production, unless acetic acid was present, 
in which case it increased it. 

Table 6. Effect of differing concentrations of starch, ethylamine and 
ammonia on yield of petiicilUn 
Basal Medium 

No starch 1-5 % starch 

Ethylamine (%) 0 


NHa(%) 0-6 38 85 87 25 64 84 

NHj (%) 0-13 76 94 78 70 89 103 

An examination of Table 6 reveals marked effects from the addition of 
ammonia and ethylamine and practically no effect from the addition of starch 
except with 0-3% ethylamine and 0-13% ammonia where the titre is 
markedly higher in the presence of starch. 

When taken together the above results indicate that the media containing 
starch and ethylamine should give good yields in practice. This has, in fact, 
proved to be the case. With a simpler chemically defined medium, titres were 
usually about T5-90 units/ml. With the addition of starch and ethylamine, 
peak titres (10-11 days) were 134, 110, 105, 102, 113, 120, 103, 125 and 
137, 112 and 113 units/ml. on different occasions. The mean is 119 units/ml., 
and compares favourably with the titres obtained with CSL media which 
usually reach 100-140 units/ml. 

These results were all obtained with ethylamine. A number of other suij- 
stances containing amino-groups has been tested. 7i-Butylamine and aspartic 
acid gave good results, ethanolamine gave poor results, and various other 
substances such as t’sobutylamine, glycine, alanine and propylamine were 
intermediate. Table 7 gives the results of one experiment with some of these 
compounds. 

Table 7. Effect on penicillin Hires of addition of organic nitrogen 
to the Basal Medium (with 1-5 % starch) 

Addition PcniciJIin 

(0-3 %) (units/ml. at 11 days) 


Metliyiauiine 

Ethylamine 100 

n-Propylamine 100 

n-Butylamine 112 

n-Amylamine 08 

Dimcthylaminc 91 

Glutamic acid 113 

Aspartic acid 120 

Hydroh-sed casein 105 


0-15 0-3 0 0-15 

Titres (units/ml.) means of 8-10 days 
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DISCUSSION 

the experiments were begun it was hoped to obtain chemically defined 
media which would give results comparable with those obtained with media 
containing CSL. The media which wc have described resemble the latter in 
respect of the yield of penicillin and the macroscopic appearance of the 
mycelium they produce. 

Suitable chemically defined media appear to require the simultaneous 
presence of several groups of components if the best results are to be obtained. 
Lactose is essential but is not satisfactory alone; glucose, or n similar carbo- 
hydrate such as glycerol, must also be added to ensure quick growth. Nor arc 
these two carbon sources sufficient; the presence of an organic acid is also 
necessary in a fairly high concentration. For this we have found citric acid 
best, and a further addition of acetic acid is advantageous. The presence of 
a substance like phenylacctic acid, which enters the penicillin molecule directly, 
is also essential. It is also evident that the inorganic requirements must be 
carefully fulfilled if satisfactory results are to be obtained. 


Table S. Comparison of coni'Steep liquor and chemkaUq defined medium 


CSL medium 
Lactose 0-4 % 


Chemically defined medium 
lactose 3 % , glucose I % 


Important constituents 

(1) Principal carbohydrate 
sources 

(2) Auxiliary cnrboUydrate 
* source 

(3) Organic acids 

(4) Special compounds 

(5) Princjp.il nitrogen 
sources 

(C) Secondary nitrogen 
source 

(7) Total solutes 

(8) Total nitrogen 


Non-rcducing carbo* 
hj'dratc including pol}* 
saccharide 

Acetic acid c. 0 05 % , 
lactic ncid e. 0*5% 
/i-Phcnylctliylamine 
and hydrcxj-phcnyl* 
eUjylnminc 

} . Mixture of omlno-acids, 
amines and ammonia 

8-0 % 

015-0-20% 


Starch 1-5 % 

Acetic ncid 0'25 %, citric 
odd 1-0% 

Phenylacctic add 0 05 % 

' /immonmm aulphale 0-5 % 

Ethylaminc 0 3 % 

c. 8*5 % 
c. 0 20 % 


In certain respects the best chemically defined media show a mnrkcd 
similarity of composition to CSL media. The groups of ingredients which scern 
to be essential, and the substances representing them in CSL and in the 
chemically defined media, arc shown in Table 8. It appears timt each group 
of components in the one medium has its counterpart in the other. Nitrate is 
often added to both media, and may increase the yields slightly. 

Media prepared on the above lines can, in absence of starch and cthylamine, 
be expected to yield 70-90 units/ml. of penicillin. The addition of starch or 
certain dextrins together with short-chain aliphatic amines sudi ns cllivKaminc 
incre.ascd tlic penicillin yield to an average of llOunlts/ml.; this is of the 
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same order as the yields given by media containing CSL under our conditions 
of growth. 

The reasons for the specific advantages of each component of the medium 
are not known. It seems possible that lactose and starch act by reason of their 
slow assimilation which is perhaps dependent upon a prior hydrolysis. The 
other nutrients, such as acetic acid, citric acid, amino-acids and primary 
amines, may act as carbon sources or assist in the uptake of nitrogen or affect 
the regulation of pH. 

It is noteworthy that there is little or no interaction between the various 
substances in the media: the introduction of each constituent, citric acid, 
acetic acid, ethylamine, etc., usually produced an increase in titre, the effect 
of each being additive. The only exception so far encountered lies in the effect 
of adding acetic acid and glucose in the presence or absence of ethylamine 
and starch together. In the absence of the last two, penicillin yield is about 
the same with increased addition of glucose, with or ^vithout acetic acid. In 
presence of ethylamine and starch, however, increase of glucose depresses 
production of penicillin unless acetic acid is present at the same time, in which 
instance it increases it. There is no obvious explanation of this effect, but it 
suggests that as the media become more effective and more complex, the 
interrelation bet^veen their components becomes more critical. 

The new media and CSL media both have a high content of total solutes. 
They have also about the same concentration of nitrogen. In addition to these 
similarities, the complex nature of the new media serve to illustrate the 
convenience conferred by using CSL. In so far as one can base any hypotheses 
on the above l-esults, it would appear that CSL owes its particular suitability 
for penicillin production to the fortuitous presence therein of several classes 
of inorganic and organic substances necessary for penicillin production by 
P. notatuvi rather than to the presence of a particular essential substance. Our 
experiments show that the effects observed with CSL can also be produced by 
means of suitable chemically defined mixtures. They do not, however, exclude 
the possibility that CSL may owe some of its usefulness to an unidentified 
nutrient or growth factor. 

Acknowledgement is due to Dr O. h. Davies who kindly designed and analyzed 
some of the experiments, Dr G. C. JI. Harris for the preparation of inoeula, and to 
Mss H, B. Lee for penicillin assays. 


REFERENCES 

Claytox, J. C., Hems, B. A., Romxsox, F. A., Anurews, R. D. & Huxwjck, R, F. 
(1044). Preparation of penicillin. Improved method of isolation. Biochem. J. 

38, 452. , . 

Cook, R. P, & Bnowx, M. B. (194G). Sj-nthclic media for penicillin production, 

Biochem. J. 40, xlix. 

Cook, R. P. & Browx, M. B. (1947). Effects of the source of nitrogen in tlie medium 
on tiie formation of penicillin by surface cultures of PaiiciUittm nokthtm. Nature, 
Land., 159, 370. 



Chemically defined media for •penicillin 31 

Cooxc, R. P., Tullocii, W. J., BrotiVn, M. B. & Brodie, J. (1045). The production of 
penicillin using fractions obtainedfromaqucouscxtractsofpea(P»>umsn/ic»m). 
Biochem. J. 39, 314. 

Foster, J. & Woodrutt, H. B. (104-1). Microbiological aspects of penicillin. 
VI. Procedure for cup assay of penicillin. J. Bad. 47, 43. 

Filvkk, M. C., Caiam, C. T. & Gregohy, P. II. (1948). The production of spores by 
Paiicillium nolatum. J.gen. Microbiol. 2, 70. 

Glaxo Laboratories Ltd., British Drug Houses Ltd., Bide, A. E., Mead, T. H., 
SsnTir, E. L. & Stack, M. V. (1947). Improvements in or relating to the 
manufacture of penicillin. Brit. Pat. No. 580,930. 

Hiouciii, K., Jarvis, F. G., Peterson, W. H. & Johnson, M. J. (1940). Effect of 
phcnylacctic acid derivatives on tlie types of penicillin produced by Penicillium 
chrifsogemim Q 17G. .J. Amer. diem. Soc. 68, 1GG9. 

Jarvis, F. G. & Johnson, M. J. (1917). The role of constituents in synthetic media 
for penicillin production. .7. Aincr. diem. Soc. 69, 3010. 

Kniout, S. G. & Frazier, W. C. (1945). The effect of com-steep liquor nsh on i>cni- 
cillin production. Science^ 102, 617. 

Kopfler, IL, Knigiit, S. G. & Fiuvzier, W, C. (1047). The effect of certain mineral 
elements on the production of penicillin in shake flasks. J. Dad. 53, 115. 

Leonian, H. & Lilly, W. G. (1940). Studies on the nutrition of fungi. IV. Some 
factors influencing the grov.'th of some thiamine requiring fungi. Amer. J. Dot. 
27, 18. 

Maridtii, R. H. (1031). The influence of hydrogendon conccnliation and of sodium 
bicarbonate and related substances on Peniciltinm italicum and PcnidlJium 
(Jigitalum. Phylopathologi/, 21, 169. 

Moyer, A. J. & CooniLL, R. D. (1940). Penicillin. VIII. Production of penicillin 
in surface cultures. J. Dad. 51, 53. 

Pjlvtt, R. (1945). Influence of the proportions of ICHjPO*. MgSO* and NaNOj in 
tlie nutrient solution on the production of penicillin In surface cultures. Amer. 
J. Dot. 32, 528. 

Pn.\TT, R. & DufrenOy, J. (1947), Untitled. Science, 105, 574. 

IViHTE, A. G. C., KRiXMriTZ, L. O. & Weriolsn, C. II. (1915). Synthetic medium 
for the production of penicillin. Ardi. Biochem. 8, ,303. 


{Received 17 Mardi 1918) 



Development of Bacteria in Waters Stored in 
Glass Containers 

By C. B. TAYLOR and V. G. COLLINS 
Freshwater Biological Association, Wray Castle, Ambleside, Westmorland 


SUMMARY: The factors affecting the growth of bacteria in fresh water stored in 
different containers, usually glass, were studied in order to reconcile the different 
results which have been obtained by previous workers. GroAvth occurred in two 
sites in the body of the water and at the surface of the container — and was affected 
by the constituents of the container. 

Bacteria invariably grew on the sides of the container and were presumably 
dependent for their multiplication on having a site of attacliment ; thus the increase 
in the count per unit volume which occurred when bottles w’ere vigorously shaken 
was greater in small bottles than in large bottles, and W’as due to removal of some of 
the cells attached to the walls. Bacterial grow’th was stimulated by soluble chemical 
substances in the w'alls of containers; Bohemian glass and the glass of measuring 
cylinders were stimulatory; Pyrex glass and fused silica containers were inactive. 
It is probable that imder the conditions of their experiments some workers have been 
observing bacteria which were dependent on the glass surface for their existence and 
which were unable to multiply in the body of the water sampled. 

Since the publications of the Franklands (1894) and Whipple (1901) it has become 
well established that when fresh water or sea wajter is stored in glass containers 
bacteria multiply rapidly to numbers which are often far in excess of those 
found under natural conditions. But although it is agreed that the phenomenon 
takes place the cause remains a matter for discussion. The subject has been 
review'ed in detail by ZoBell & Grant (1943) and by ZoBell (1946). It has 
usually been found that the number of bacteria developing in a glass container 
is related to its size, appreciably greater numbers being found in waters stored 
in small vessels than in large; but Castell & IMcDermott (1941) found no such 
relationship. Lloyd’s (1937) tests were made in narrow-mouthed cylindrical 
Pyrex jars of capacities 100, 1000 and 8000 ml., and the plate count from he 
100 ml. jar w’as approximately three times those of the samples from the 1000 
and 8000 ml. jars, w’hich did not differ significantly. The phenomenon was not 
dependent on the ratio of surface area of the liquid to volume. ZoBell 
& Anderson (1936) concluded that the development of a denser population in 
the smaller vessel was due to the greater ratio of surface area of the container 
to volume and to the ability of certain types of bacteria to multiply on a glass 
surface. ZoBell (1943) later suggested that the nutrient organic matter from 
the water is concentrated by adsorption on the glass surface, and that solid 
surfaces retard the diffusion of exoenzymes and hydrolysates from the cell. 
This liNTJothesis of adsorption of organic matter received some support from 
Stark, Stadlcr & McCoy (1938), and from Harvey (1941). It is based first on the 
well-established fact that on glass surfaces in contact with natural waters sooner 
or later develops there an attached film of bacteria which can be demonstrated 
by staining; secondlv, on claims that chemical methods can detect and measure 
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the matter adsorbed on the glass surface. However, Harv'ey (I9il) was unable 
to demonstrate significant amounts of organic matter by the alkaline potassium 
permanganate method, and the often-quoted paper by Stark ei al. (1938) gives 
neither details of the bicliromate method used, nor any quantitative data. 

The phenomenon of growth of bacteria in stored waters is of more than 
academic interest; it is an example of the growth of bacteria in extremely 
dilute solutions. The hj’potheses of adsorption and consequent concentn\tion 
of organic matter on the glass sides of tlic container from the stored water, and 
the enzyme concentration theory of ZoBcll (1943) arc not wholly consistent. 
On the one hand the growth of bacteria in waters transferred to containers is 
rapid, and maximum numbers arc usually found on the second or tliird day 
after filling; on the other hand, the development of attached bacteria is much 
slower, and appreciable numbers, as demonstrated by direct methods, do not 
occur until some time later (ZoBcll & Stadlcr, 1940, Fig. 2). IVith regard to 
organic matter on the glass surface the published results of chemical tests are 
quite inadequate to prove its existence. Moreover, any organic matter present 
might be bacterial protoplasm and not due to adsorption of soluble compounds 
from the water. Furthermore, chemically clean dry glass is capable of reducing 
potassium permanganate in the absence of organic matter (Taylor, 1947), so 
that past experiments using glass beads and glass tubes might have been 
falsely interpreted. The need for controls In this tj’pc of work is obvious. 

Methods. Except where otlierwisc stated, samples of water were collected 
in Winchester quart bottles and brought to the laboratory within 1 hr. of 
collection. Samples from Lake Windermere were taken at a depth of approxi- 
mately 1 m. in mid-lake. The samples were dispensed into tlic various experi- 
mental containers and, unless otherv'isc stated, incubated at a temperature of 
20®. Plate counts were made in peptone casein starch glycerol medium (Taylor, 
1940) employing 3~5 replicate Petri platcs/samplc. The plates w'erc incubated 
for 12 days at a temperature of 20®. 

EXPERIMENTAL 
Dcvehprncnt of bacteria in contAiners 

MtiltipUcaiion in lake xcaier; the cjffectoftctnpcrature. Plate counts were made 
at 2 hr. intcr\*als for a period of 20 hr. from two 500 ml. samples of Windermere 
water contained in Winchester bottles; one bottle was incubated at room 
temperature {17*2~20“) and tlic other at 20®. Both containers were agitated 
vigorously before removing the samples. The counts in both samples were 
stationary during the first 12 hr. From the 12th hour onwards counts increased 
in both samples but more rapidly in tlint keptnt the slightly liighcr temperature. 
At 20 hr. the counts were 130,000/inl. in the 20® sample nntl 14,800/ml. in the 
17-2-20® sample (Fig. 1). 

The effects of the material of the container on multiplication of bacteria. Three 
tests were carried out with Windermere water in cont\incrs of ditTcrent 
material. In the first test 500 ml. samples were licUl in (a) 1 1. Pvtcx conical 
fiasks, (6) 1 1. flint glass bottles and (c) 1 1. tall bottles made of gulla pereba 
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(3) shaken ^agorously and discarded after sample had been taken. The results 
(Table S) showed that although counts of bacteria increased in all samples, 
there were appreciably larger counts in the samples taken after agitation. It 
thus appears that dislodgement of bacteria attached to the sides of the 
container by agitation was an appreciable factor in the apparent multiplication 
of bacteria in stored water. 

Table 3. Ptoe counts of bacteria in Windermere xmter incubated in 1 1. Pt/rex 
conical flasks for 4 days at 20° (o) tinder quiescent conditions, (b) shaken 
on each sampling occasion and (c) shaken once only 


Counts (thousands/ml.) 


Incubation 

r 

A 

^ 

period (days) 

Quiescent 

Shaken once 

Shaken daily 

0 

2-1 

21 

2-1 

1 

5-2 

5-4 

4-1 

2 

7-8 

8-G 

15-8 

3 

5-2 

13-2 

13-2 

4 

4-7 

23-4 

140 


The effect of ike size of container. Triplicate sets of Pyrex flasks of capacities 
150, 500 and 2000 ml. were filled to half-capacity with Windermere water and 
incubated rmder quiescent conditions. Verj’ little increase in plate count took 
place, and the size of the container played no significant part (Table 4), 
A similar experiment with water from a polluted %vell showed (Fig. 3) that 
though bacteria grew appreciably in all containers the counts in dilTerent-sized 
containers did not differ significantly. 

Table 4. Plate counts of bacteria in Windermere tcater incubated in 
Pyrex conical flasks of different capacities for 3 days at 20° 

Flask capacity (ml.) 

A ^ 

150 500 2000 

Incubation Counts (thousandsjml.) 

period (days) r •* » 


0 

1-5 

1-5 

1-5 

1 

20 

3-3 

1-G 

o 

20 

3-2 

VS 

3 

30 

40 

20 


In a third experiment carried out in duplicate, bottles of 50, 75, 150, 250, 
500 and 1500 ml. capacity were filled to approximately half-capacity with 
IVindermere water, and agitated by \ngorous rotational movements before 
sampling. The results with duplicate bottles of the smaller sizes (50 and 75 ml. 
amounts) were rather discrepant, but in general the bacteria multiplied more 
rapidh’ and to greater numbers in the smaller bottles (Tabic 5), As the bottles 
were not of the same brand and therefore not necessarily of the same chemical 
composition, the possible variation due to differing solubilities of the con- 
stituents cannot be entirely disregarded. 

In a foiirth experiment two sizes of Pstcx flasks, 150 and 1000 ml., were 
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hnlf-fillcd with polluted well water. On each sampling occasion two flasks of 
each size were agitated vigorously, sampled and returned to the incubator, and 
two flasks of each size which had not been sampled previously were similarly 
treated butdiscardedaftersampHng. The results showed (Fig.4)thatappreciably 
greater numbers of bacteria developed in the smaller flasks than in the larger, 
and that repeated agitation resulted in greater numbers than a single agitation ; 
a result not in agreement with the finding with. Windermere water. 



Pig. 3. Phto counts of bacteria in water from a polluted well incubated in l*)**^^ conical 
flanks of different capacities for *1 daj*s at 20®. x — — x 1 50 ml. ; Q ~ O 500 ml.; 
• • 2000 ml. 


Table 5. Plate counts of bacteria in Windermere xcater incubated in bottles of 
different capacities for 3 days at 20® and shaben before sampling 
Bottle capacity (ml.) 


Incubalion 

period 

(daj-s) 

0 

00 

75 

150 250 

Counts (ttK)Usnnd<;/ml.) 

500 

1500 

-T T 

n 

rr 


n 

.. .. 







1 

C2 

31 

2*1 

.1-7 

no 

3-3 

2 

793 

75 0 

•W'O 

10 0 

210 

12 0 

3 

70-2 

lion 

1101 

ca 2 

75-0 

003 


In a fifth experiment triplicate sets of measuring cylinders of 25 and 
1000 ml. capacities were filled with Windermere water. The water was allowed 
to remain undisturbed during incubation, and samples were wilhdr.awn daily 
by means of a pipette; no contact of the pipette with the sides of the cylinders 
took place. The results (Table 0) were quite spectacular, for whereas tlie count 
in the water stored in the 1000 ml. cylinder increased from 2000 to a maxi- 
mum of 12,200/ml., the count in the 25 ml, cylinder increased to a maximum 
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of 244,000/ml., the highest figure ever recorded for Windermere water. This 
enormous difference in numbers of bacteria in the large and small cylinders 
bears no simple relationship to the small difference in the ratios of volume to 
surface area of the containers (ml./cm.“), which was 10-3 and 3'5 respectively. 



Fig. 4. Plate counts of bacteria in vater from a polluted well ineubated in 150 and 1000 ml. 
PjTcx conical flasks for 4 days at 20°. One set of flasks was shaken on each occasion 

and one set shaken only at the time of sampling and subsequently discarded, x x 

150 ml. shaken each time; x x 150 ml. shaken once; O © 1000 ml. shaken 

each time; O © 1000 ml. shaken once. 


Table G. Plate counts of bacteria in Windermere zeatcr incubated under 
quiescent conditions in gloss measuring cylinders for 4 days at 20° 

Cylinder capacitj’ (ml.) 


Incubation 

25 

1000 

period 

Counts (thousands/ml.) 

(days) 

A 



^ 

0 

20 

20 

1 

C-8 

3-4 

2 

24.30 

10-0 

3 

115-0 

8-C 

4 

M2-2 

12-2 


Chemical estimation of organic matter 

Oxygen absorbed from acidified KMnO^. In view of the claims (ZoBcll, 194.3) 
that organic matter is adsorbed from water on to the glass surface of a bottle, 
and can be demonstrated by chemical analyses using the permanganate or 
bichromate reduction tests, we have made extensive tests with 0-0125 K-ICMnO^ 
acidified by 25 % (v/v) H-SO^. Boiling the reagents and sample for a specified 
time gave unsatisfactory and unrcproducible results, but the method commonly 
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used in Britain of incubation for 4 hr. at a temperature of 80® F. (2G‘7®C.) 
gave reproducible results. Taylor (1947) showed that lOInO^ in distilled 
water in the presence of a dried glass surface was appreciably and inexplicably 
reduced. 'When the glass surface was increased by adding glass balls, the 
amount of oxygen absorbed from the acid permanganate in the absence of 
organic matter was as great or greater than the oxygen absorbed by per- 
manganate from water taken from Windermere and other local sources. 
Consequently, ZoBell’s (1043) experiments with glass beads, glass-wool, and 
glass tubes, cannot be interpreted as measuring organic matter only; they need 
repeating with adequate controls. 


Table 7. Oxygen absorbed from acid permanganate {jy.p.ni.) from tvaters (1) 
freshly gathered, (2) after storage ai 20® /or 1C days and (3) by the surface of 
the coniaitier after a similar period 



Start 

16 days 

DifTereucc 

Glass surface 

Blelham Tam 


1-84 

0 00 

012 

Inflow I 

218 

104 

-0-24 

0 29 

Inflow II 

201 

1*87 

-0-17 

0 00 

Inflow III 

00-t 

0-54 

-0-10 

0-22 

Windennere 

0 78 

0 70 

-008 

000 

Windermere + glass beads 

1'28 

121 

-0 07 

0-3S 


Measured amounts of water (100 ml.) were placed in bottles, and the oxygen 
absorbed from acidified lOtnO^ was determined (1) at once, (2) after periods 
of incubation at 20®, (3) after the same periods but with careful decantation of 
the water and replacement with an equal volume of freshly distilled water. The 
results of a typical experiment arc shown in Tabic 7. 

It is evident that the organic-matter content of the water decreased during 
storage, particularly that of waters flowing into Blclham Tarn, but the amounts 
were extremely small and there was nothing to suggest that the glass surface, 
particularly that of 150 g. glass beads of 2-3 mm. diameter, favoured the 
decomposition of the organic matter. On the other hand, when the surface of 
the glass was tested for organic matter it could be detected with all samples 
except that of Windermere water. In a repeated experiment with water 
from Windermere, Blelham Tam and a well, tests for organic matter were 
negative. 

Oxygen consumed {biochemical oxygen demand). If organic matter is adsorbed 
on tlie glass surface and is therefore more readily available for bacterial 
decomposition, the oxygen demand of water stored in small vessels should he 
greater than that of water stonxl in large vessels, owing to the relatively 
greater surface of glass available in the smaller container. According to ZoBcll 
& Anderson (1930) this happens with stored sea water; but with lake water, 
ZoBcU & Stadicr (1940) found no significant difTcrence between the amounts 
of oxygen consumed in samples incubated in 145 and 4000 ml, amounts. Wc 
have made similar tests with water from local lakes in a range of l>otUcs of 
dilTerent sizes, making allowances for the volumes of reagents to be added. 
A constant-temperature water-bath at 20® was used for incubation, and sets 
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of tliree bottles were analyzed on each occasion. The results exemplified in 
Table 8 show that with lake water the size of the container does not affect the 
amount of organic matter decomposed by bacteria. The organic matter in these 
waters is so resistant to bacterial attack and so slowly broken down that its 
concentration is imlikely to influence its rate of decomposition. It is, however, 
possible that in very dilute solutions of sewage effluents, in %vhich the organic 
matter was readily available, its concentration might influence the total 
amount decomposed or the rate of decomposition. 

Table 8. Biochemical oxygen demand (p.p.jn.) of water from Blelham Tarn 
incubated in bottles of different capacities at 20° for different periods 

Days incubated 

' s 

2 5 10 


Capacity of Biochemical oxygen demand (p.p.m.) 

bottle (ml.) / '' 


70 

0-49 

0-85 

I'I5 

140 

0-49 

0-8G 

1-2C 

250 

0-45 

0-87 

1-29 

400 

0-43 

0-83 

1-15 

140 

— 

0-29 

0-52 

2700 

— 

0-32 

0-51 


DISCUSSION 

In this study two facts can be accepted as well established. First, when waters, 
including distilled water, are stored in glass containers and sampled from time 
to time by a bacteriological routine including shaking the container, the 
bacteria appear to multiply to numbers greatly in excess of those found in the 
water under natural conditions. Secondly, low storage temperatures repress 
multiplication and raised temperatures usually increase it. Before considering 
our results it would be well to consider the changes which must result in water 
from the sea, lakes, rivers or wells when it is stored in comparatively small 
containers. In the first place natural circulation ceases and some particulate 
matter settles to the bottom of the container; any planktonic animals die, and 
if the container is stored in darkness, algal cells also perish. In addition, the 
solid surfaces of the walls of the container are available for the attachment of 
periphytic types of bacteria. If we assume that phosphorus and other essential 
inorganic ions are present, as is almost invariably the case, the water is an 
extremely dilute medium for the growth of bacteria, and the degree of growth 
will depend on the supplies of nitrogen, carbon and sources of energy. To some 
extent these materials are provided by dead planktonic cells. There is evidence 
also that whereas the freshly sampled water may contain a great variety of 
bacteria, storage conditions act selectively and encourage only a small pro- 
portion of the types originally present. Thus the dead cells of the types unable 
to grow may provide further nourishment for the selected types. 

Our experiments show that when samples of water are stored in containers of 
resistance glass or silica the numbers of bacteria found arc invariably greater 
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when the container is shaken before sampling than when quiescent conditions 
are maintained; under quiescent conditions there is often no significant increase 
in numbers of bacteria. The agitation of the samples removes front the sides 
of the container those types of bacteria which arc dependent for their existence 
on the presence of a solid surface and which under natural conditions are 
dependent on solid particles in suspension. Under such quiescent conditions 
of storage the bacterial numbers are similar to those in natural conditions. 

The effect of the composition of the container is no less striking. No material 
is completely insoluble in the presence of water, and it is well Imown that soft 
glass is far more soluble than resistance glass. The evidence suggests strongly 
that W’atcr-solublc substances are here stimulating bacterial activity. A com- 
parison of the chemical composition of soft and resistance glass suggests that 
sodium, potassium, calcium, magnesium or sulphate ions might be responsible 
agents. 

Workers, in general, have given little information about the amount their 
experimental containers were sliaken before sampling, or about their com- 
position; and the discordant results reported may be due in part to variations 
in technique in this regard. Castcll & McDennott (1941) were perplexed that 
a well w'ater having an average bacterial count of less than 10/ml. when stored 
for 4 days yielded a count of c. 1 milUon/ml.; in this instance conditions were 
more complex. Their chemical analyses suggest that the water contained an 
appreciable amount of organic matter (volatile soluble substances 100 p.p.m.), 
and an exceptional amount of magnesium (250 p.p.m.). A very varied collection 
of containers was used in the experiment, but probably the most significant 
point was the increase in temperature from that of the well (unstated) to room 
temperature (25®), at which the samples were incubated. 

ZoBelfs hypothesis of the adsorption of organic matter on the walls of the 
container has not been confirmed; and it cannot be entirely rcfutetl. Dctcnnina- 
tions of oxygen consumed and oxygen absorbed from acid permanganate show 
that organic matter in the water lias been broken down, but wc have no 
evidence that an increase in surface area in relation to the volume of the 
container increases the amount of organic matter dccomposctl, as would he 
e.\pcctcd if ZoBell’s theory were correct. On the other hand, bacteriological 
tests indicate the growth of bacteria on the walls of the container, and, with 
some waters, organic matter is demonstrable on the sides of the conbiincr. On 
the available evidence wc conclude that with lake and tarn wat ers such organic 
matter as may develop on the sides of a container is due to that of bacterial 
cells. Such a conclusion would reconcile the results of tests for oxygen con- 
sumed in bottles of different sizes with tests for organic matter ndsorhctl on llic 
glass surface. 
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A Note on Morphological Differences between Strains 
of Streptococcus cremoris 

Bv H. R. traiTEHEAD ajjd G. J. B. HUNTER 
Dairy Research InsliiuiCt Palmerston North, New Zealand 

SUMMARY; Some strains of Streptococcus cremoris are slightly more heat resistant 
than the majority. After gro\vth in milk at 37® for 5 lir, some of them show under the 
microscope involution forms which arc sufficiently characteristic to serve as a useful 
means of identification. 

A number of strains of Streptococcus cremoris peculiarly suited for use as 
* starters * in Cheddar cheese manufacture were selected from hundreds isolated 
during the past 12 years. The strains were selected for: 

(1) great activity in the fermentation of lactose in milk culture and in 
cheese curd; 

(2) power to withstand an incubation temperature of 37® without suficring 
as much damage as most strains sufferj 

(3) total absence of any relation to each other in their reactions to a scries 
of bacteriophages. 

The cultures have been regularly plated and rcpurificd at intervals of about 
2 montlis (some of them over seventy times), so that their characters arc likely 
to be as stable as possible. There is evidence, however, that during the period 
of observation the rate of acid production decreased slightly in some of 
them. Since all the strains belong to one species there arc not many features 
by which they may with certainty be distinguished. There arc, however, some 
apparently characteristic morphological differences between them wliich liavc 
prov’ed exceedingly valuable, not only in distinguisliing these particular strains 
but also in enabling \is to predict whether a freshly isolated unknown strain is 
related to any of them. 

The demonstration of vwrphological differences 

The optimum temperature for growth of most strains of Strep, cremoris in 
milk is in the region of 30*; at 37® the organisms still grow but arc somewhat 
inhibited. Subjected to the latter rather unfavourable temperature the various 
strains exhibit differences in morpholog\* which have a value in identification. 
The stock strains when grorni in skim milk at 22® or 30° cannot be dis- 
tinguished from one another under the microscope at nny stage of growth. 

Figs. 1-3, PI. 1, illustrate the appearance of the tlircc strains, IIP, Iv and 
R C after incubation for 5 lir. at 30°. All the strains form the long chains of 
spherical cocci tj’pical of Strep, cremoris. When, liowevcr, the organisms arc 
incubated in milk culture at 37° for 5 lir. they assume forms which arc 
chanvctcristic enough to serve as identifying features. Thi sis illustralcil in 
Figs. 5-7 (PI. 1), where the followng points may be notctl. 
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Culture HP . Cocci still spherical, but terminal cocei in many chains are 
swollen to about twice normal size (Fig. 5), 

Culture K. Cocci have assumed flat-sided squarish shape, and the chains 
have a characteristic tangled arrangement (Fig. 6), 

Culture Ee- Very long chains of flattened cocci crushed together concertina- 
fashion (Fig. 7). ( 

All the cultures grow less at 37° than at 30°, a reflexion of the unsuitability 
of 37° as a growth temperature for Strep, cremoris. 

The involution shapes of several other strains of Strep, cremoris are similarly 
quite characteristic, and on many occasions served as a means of predicting 
that an unknown culture was related to one of the stock strains. The three 
strains described can be identified with certainty by the method described. 
Other strains show less definite changes in morphology which, nevertheless, are 
capable of recognition by the experienced worker; still other active strains 
cannot be positively identified by this means. A large number of strains of 
Strep, cremoris which are not active enough to be used as cheese ‘ starters ’ are 
much more heat sensitive and react to incubation at 37° as shown in Figs. 4 and 
8 (PI. 1). It will be observed that whereas this strain shows a healthy groAvth 
at 30°, it is very feeble and badly involuted at 37°. 

Distinction between Strep, cremoris and Strep, lactis 

Although many workers still do not agree that Strep, cremoris is distinct as 
a species from Strep, lactis we find that most lactis types which ferment maltose 
and dextrin and which form only diplococci or very short chains in culture, 
also give quite a different appearance from our stock cremoris strains after 
growth at 37°. They are not significantly inhibited even at 87°, and the cocci 
(smaller even at 30° than those of Strep, cremoris) are not significantly altered 
in shape or arrangement at the higher temperature. This is in accord with 
expectation, since strains of Strep, lactis Imve in general a higher optimum and 
maximum growth-temperature than strains ot Strep, cremoris. Thus it is iisunlly 
possible on the basis of morphology at different incubation temperatures to 
divide lactic streptococci into groups which correspond with Orla-Jensen’s 
species Strep, lactis and Strep, cremoris, and these groups are also characterized 
respectively by ability and inability to ferment maltose and by a different 
pattern of sensitivity to various phages (Hunter, 1040). There is, however, 
a small proportion of intermediate types which cannot be definitely assigned 
to cither species. 


DISCUSSION 

The characteristic morphology assumed bj' many strains of Strep, cremoris 
after incubation in milk at 37° for 5 hr. is a very useful criterion, both for 
selecting active and heat-resistant cultures and for predicting the phage 
relationships between strains. In the course of a search extending over several 
years for unrelated strains of Strep, cremoris we liave gained the impression that 
the number of types is relatively limited. Thus only seven unrelated strains 
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active enough for our purpose have been found over the course of about 
10 years. It is, however, possible tliat within any one country a small group 
of tjpes becomes widespread, with the result that the same strains arc con- 
stantly being encountered. There arc some indications that unrelated strains 
are more easily found in material from abroad. Wc hope to investigate this 
possibility further. 
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EXPLANATIOK OF PLATE 
(MagniOcation xOOO) 

Figs. 3-{J. Strep, cremoris cultures IIP, K ond II, after 5 hr. g^o^vth nt 80“. 

Figs. 5~7. The same cultures after 5 hr. growth nt 37*. 

Figs. 4, 8. A heat-sensitive strain of Strep, cremoris after growth at 80 and 37* respectively 
for S liT. 
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The Isolation and Cultivation of Sulphate -Reducing 

Bacteria 

By K. R. BUTLIN, jVIARY E. ADAj\IS and IVIARGARET THOMAS 

Chemical liesearch Laboraiory, Bcpariment of Scientific and 
Industrial Research, Teddington, Middlesex 

SUMMARY : There are manj-^ strains and perhaps several species of sulphate-reducing 
bacteria. They may be isolated by using a variety of media over a vide range of 
temperature. Crude cultures are readily obtained, but isolation of absolutely pure 
cultures is usually difficult. Considerable simplification in procedure may sometimes 
be effected by including 3 % NajSOj.TH^O in the media; the sulphite eliminates 
most of the contaminating organisms in cnide cultures and facilitates subsequent 
purification. A method of maintaining stock cultures on sterile clay is preferred to 
the use of artificial media. 

No growth takes place in media rendered ‘biological^ free’ of iron, but the traces 
normallj’’ present in media constituents as impurities are sufficient for good develop- 
ment. Rapid and abundant grovdli free from ferrous sulphide has been obtained in 
a mineral salts -f- lactate -Hj'east extract medium containing ferrous ions below the 
saturation concentration for ferrous sulphide. 

One thermophilic and four mesophilic strains have been shown to be facultative 
autotrophs, using the oxidation of hj'drogen as energy' source, vith sulphate, sulphite, 
thiosulphate and elementarj' sulphur as hydrogen acceptors. No autotrophic growth 
takes place in the absence of hydrogen. Hydrogen can be provided in vitro by im- 
mersing metallic iron in the medium. 

Althougli ‘sulphate reduction is one of the most commonly occurring and 
extensive microbiological processes on earth ’ (von Wolzogen Kiihr & van der 
Vlugt, 1934), sulphate-reducing bacteria are physiologically unique among 
living organisms in being able to reduce sulphates to sulphides; Tanner’s (1918) 
suggestion that some yeasts possess this property has not been confirmed 
(Bunker, 1930). Tliey are also capable of reducing sulphites, thiosulphates and 
elementary sulphur to sulphides. Practically every type of soil and natural 
water contains them and they are widely distributed in the sea. Holland, 
a country of odoriferous canals and great microbiologists, contributed most to 
our early knowledge of them. First described by Beijerinck (1895) and isolated 
in pure culture by van Delden (1903), their physiology and biochemistry was 
comprehensively investigated by Baars (1930), while von Y’olzogcn Kiihr 
& van der Ylugt (1934) defined their function ns essential agents in theanaerobic 
corrosion of buried ferrous pipes. The ubiquity of the organisms led incvdtably 
to their investigation in other countries (.see Tausson & Alioschina, 19.32; 
Copeidiagen, 1934; Bunker, 193G, 1938; Starkey, 1938; Datta, 1943; ZoBcII, 
194GC, 1947). 

Sulpliatc-rcdueers play an important part in the sulphur cycle in nature, 
both on land (Bunker, 193G) .and in the sea (ZoBell, l94Ga). Their activities, 
chieflv because invari.ably accompanied by the production of hydrogen sulphide, 
frequently result in undesirable manifestations, sometimes of considerable 
economic importance, as in the corrosion of buried rnetal structures or the 
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contamination of coal, gas and oil. They are said to contribute to the formation 
of petroleum and to its modification after formation (ZoBell, 1945). xV recently 
discovered and potentially valuable property of some strains is their power of 
releasing oil from oil-bearing sediments (ZoBcU, 1947). 

During our work on anaerobic microbiological corrosion we have been faced 
with the many difficulties of obtaining pure cultiues of these organisms in 
quantities sufficient for biochemical investigation. ^Ye describe below improved 
methods of isolation and cultivation, demonstrate the autotrophic growth of 
several pure strains, and discuss related questions of nomenclature and 
classification. 

N'omenclaiure and classipcaiion 

The nomenclature of sulphatc-rcducmg bacteria is confusing and their 
classification still uncertain. Since their first description by Bcijcrinck (1895) 
it has been generally agreed that there is only one genus, variously designated 
BaciUus,*JBacterium, Spirillujn, Microspira» Vibrio, Sporovibrio and Desulpho- 
vibrio. IQuyver & van Nicl (1936) placed them in the tribe Vibrioneae with the 
generic name Desulphovibrio. In Bergey’s Manual, 5th edition (Bergcy, 1939), 
they were included in the tribe Spirilleac, genus SpiriUiim, in an appendix 
containing the* additional species (which) have been mcntionedinthcUtcraturc’. 
In the 6th edition of Bergey (1948) they are retained in the tribe Spirilleac 
(family Pscudomonadaceae), but arc given the generic name Desulphovibrio. 

The many species-names include hydrosulphurextm, hydrosulphurcus, de- 
sulphuricans, ihennodesulphuricans, with aeshtarii and ntbentschihii for halo- 
phifie strains. ZoBell (1947) has recently added hydrocarbonoclasticus for 
a species attacking petroleum hydrocarbons and halohydrocarhonoclasticus for 
the corresponding Imlophilic variety. 

It may provisionally he agreed that Desulphovibrio should be the generic 
designation of sulphate-reducing bacteria. The question of species names is 
more complicated. Until 1930 it was thought there were three species, i.c. non- 
halophilic, halophilic and thermophilic. Boars (1930), however, showed that 
these three supposed species were interconvertible by gradual acclimotiTation, 
and lie regarded them as three strains of a single species, Vibrio dcsulphuricans. 
Since then many new varieties have been isolated. Bunker (unpublislietl 
observation) was unable to induce growth of some of his strains at temperatures 
higher than 37®. Ilittcnberg (3941) isolated obligate mesophilic and luilophilic 
varieties from marine sediments. Sporing cultures have been described by 
Starkey (1938), but not all sulphatc-rctluccrs cun be induced to form spores. 
All strains so far reported in the literature are motile, but wc possess a culture 
isolated by Bunker in tliis iaborator>’ from Thames river mud wliicli is non- 
inotilc and shows no llagclla in electron micrographs. ZoBell (19 J7) described 
strains which attacked hydrocarbons, a property not posscssctl by all sulphate- 
rc<luccrs; he also described special strains which grew at 80®. xVUhougli some 
of these difTcrcnccs would not in themselves justify the creation of separate 
species, there appe-ars to bq sufficient evidence for assuming tlic c-xistenoe of 
several species. In the choice of names for new species wc suggest adherence 
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to Recommendation 6d (2) of the International Bacteriological Code of Nomen- 
clature, 1947, i.e. ‘ to avoid those which are very long and difficult to pronounce 
We recommend that species names of more than five syllables should be 
avoided. 

The varietj’^ of sulphate-reducing organisms has some bearing on the isolation 
of pime cultures. It is not sufficient to develop cultures from any given source 
on one medium alone. Media suitable for both non-halophiles and halophiles 
should be used, and, as ZoBell has shown with his hydrocarbon-attacking 
species, the inclusion of different carbon sources in the media maj'' yield new 
varieties. The temperature of incubation is also of major importance, as shown 
by the existence of ZoBell’s 80° strains and by experiments to be described. 

ISOLATION OF PURE CULTURES 

It is comparatively simple to grow mixed cultures containing sulphate- 
reducing bacteria. It is not difficult to obtain almost pure cultures, but in 
general it is by no means easy to isolate absolutely pure strains. Full details 
of the various media and methods hitherto employed may be found in pajicrs 
by Beijerinck (1895), van Delden (1903), Elion (1925), Gahl & Anderson (1928), 
Baars (1930), Starkey (1938) and Rittenberg (1941). Because some of these 
papers are not easily available and also because of the difficulties generally 
experienced by workers in this field, oiu- methods are described in some detail; 
they include salient features of procedures adopted by other workers. 

The general method used is based on that of Starkey (1038), which consists 
essentially in making enrichment cultures and then preparing deep agar 
(‘shake’) cultures or plates in various dilutions, A solid medium containing 
sulphate, lactate and a trace of ferrous salt is used ; the sulphate-reducers form 
black colonies which can readily be picked off and placed in liquid medium. 
This apparently simple procedure rarely meets with immediate success except 
sometimes Avith thermophilic strains. It is difficult to obtain colonics free from 
contaminants, and it is frequently necessary to undertake a tedious succession 
of deep agar dilution cultures and platings out before pure cultures are obtained. 
We have found that the inclusion of 3 % NaoSOg.THjO in the media eliminates 
most of the contaminating organisms in mi.xed cultures and greatly facilitates 
subsequent purification of the sulphate-reducers. 

Methods 

Anaerobic cultivation 

Sulphate-reducing bacteria are said to be strict anaerobes, though Bunker 
(1939) states that ‘they can be active in verA- restricted areas of oxygen 
deficiency in close proximity to regions of abundant oxygen supply’. Some of 
our own experiments indicate, not conclusively, that growth may occur in the 
presence of 2-3 p.p.rn. of oxygen. We liaA'c also grown pure strains aerobically 
in shallow (1 cm.) layers of medium to which 0-025% ascorbic acid had been 
added (see Kligler & Guggenheim, 1938). Jlost soils incubated with medium A 
(beloAv) reduce sulphate e%'en if no anaerobic precautions are taken, presumably 
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because the aerobic organisius also present deoxygcnate the medium. Never- 
theless, growth is much better when oxygen is rigorously excluded, and the 
choice of an efficient and convenient anaerobic technique is most important. 

The simplest technique for crude cultures is the use of stoppered bottles 
completely filled with medium freed from dissolv’ed oxygen by boiling and 
rapidly cooled immediately before use. This methodis unsuitable for work with 
pure cultures owing to the case with which contamination takes place. With 
normal aseptic precautions the majority of bottle cultures show significant 
contamination when plated aerobically on nutrient agar. Even with elaborate 
precautions the incidence of contamination is still too great for general work. 
This objection does not apply to ordinary' culture tubes plugged with cotton- 
wool soaked in alkaline pjTogallol and scaled with a rubber bung, but tlie 
method is cumbrous when large numbers of tubes arc used. Of the various 
anaerobic techniques available, the McIntosh & Fildes anaerobic jar, with an 
atmosphere of hydrogen containing 5% carbon dioxide, was found to be the 
most satisfactory and efheient for general use. In order to prevent poisoning 
of the palladium catalyst by hydrogen sulphide, it is necessary to place a dried 
pad of absorbent cotton-wool impregnated with lead acetate bctn-ccn the 
cultures and the catalyst. 

Crude cultures 

Sources. The sources investigated were: all kinds of soils; river, sea, pond 
and tap waters; water from gas-holders and oil-storage tanks; oil-well winters; 
sewage; marine sediments. 

Media. For crude and pure cultures we used media based on the following: 

Medium A (Boars, 1930): KjHPO^, 0*5 g,; NTI^Cl, 1 g.; CaSOi, 1 g.; 
MgSO* . 7II30, 2 g, : sodium Iactnte(70% solution), 5g. ; FeSO* . (Nll4)2S04 . OHjO, 
0*5 g.; tap water, 1 1.; pH 7*0-7*5, which should be confirmed aftcrstcrilization. 
This medium gives a considerable precipitate on .stcrilii^ation for 20 min. at 
20 Ib./sq.in. which is no disadvantage in crude cultures, but may he with pure 
cultures when, for example, growth is determined by turbidity measurements. 

Medium P (Starkey, 193S): K;HP04, 0*5 g.; NlI^Cl, Ig.; NojSOj, 1 g.; 
CaCIj.2HsO, 0-1 g.; MgS04.7H20, 2g.; sodium lactate (70% solution), 5g.; 
FcSO4.(Nll4)2SO4.0H2O, O j g.; distilled Avatcr, 1 1. (Starkey used tap water); 
pH 7*0-7*5. This medium givas only n slight prccipitotc on niiloclaving and 
may be filtered clear without significant loss and rcslcrilizcd. 

It is preferable not to incorporate the ferrous salt in the stock media, but 
to sterilize a 1 % solution by steaming 1 hr. on 3 successive days, and to add 
5 ml. supernatant liquid to each 100 ml. medium immediately Ixjforc use. 
Media A and B arc suitable for growing obligate and fuculLativc non-halophilic 
strains in crude cultures. For halophilic strains 1-3 % NaC! is added or tap or 
distilled water replaced by sea water. Other saline media arc described by 
Biltcnbcrg (1941) and ZoBcU (1917). 

Addition of suiphiic. A varied microflora can be obscivctl when soils arc 
incubated anaerobically at 30® in media A and B, but comparatively few 
characteristic sulphate-rcilucing vibrios can lie seen. Contaminations arc vcr>* 
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persistent and cannot be eliminated b}’’ repeated transfers to fresh medium. 
Baars (1930) considerably diminished the number of contaminating organisms 
by adding 4 ml. of 0-1 n-HoS to 60 ml. medium, but Starkey (1938) did not 
find this method useful for isolation purposes. 

We examined the effect of adding various concentrations of NajSOg.THjO 
to medium A on the microfiora of crude cultures from soils incubated at 50°. 
The effect varied with different soils, but in general the development of sulphate- 
reducers was not appreciably inhibited by concentrations up to 5%, while 
ver}^ considerable purification took place. With some soils almost pure cultures 
were immediately obtained, and subsequent isolation of pure strains was 
comparatively easy. 

Clearly no obligate non-halophilic sulphate-reducer can develop in the 
sulphite medium, and if such a strain is desired the sulphite-free medium must 
be used. It is now our practice, when making crude cultures at 30® for the 
isolation of pure cultures, to incubate the inoculum in medium A with and 
without 3 % NajSOg.yHgO. Most soils yield crude cultures in both media. 
When, as sometimes occurs, growth in the sulphite medium is inhibited or very 
slight, subculture from the normal into sulphite medium will usually give rapid 
sulphate reduction and a simpler microflora. Crude cultures at 55° have a much 
simpler microflora and the addition of sulphite is unnecessary. 

Sulphite solutions are unstable and sulphite media should be made up 
shortly before use. A freshly made strong solution (20-30 %) is sterilized by 
passing tlirough a bacteriological filter and is added in appropriate quantity 
to sterile medium. For crude cultures solid sulphite ma}' be dissoh’’ed in 
sterile medium immediately before use. The addition of 3 % of sulphite raises 
the pH of medium A from 7*2 to c. 8-4. It is advisable to adjust to pH 7-2 by 
the addition of about 2 ml. x-HCl/100 ml. medium. Sulphite in concentrations 
of 2-5 % causes a remarkable lengthening of the bacterial cell in sulphate- 
reducers, varying considerably with the individual strain. This effect will be 
more fully described in a futiirc communication. 

Procedure. The procedure is determined by the source of the inoculum and 
the type of strain required. Strains from a saline environment are best isolated 
on medium A or B with the addition of 2-3% NaCl, though many halophilic 
strains can reduce sulphate in its absence. Most soils and sewages readily yield 
flourishing crude cultures of sulphate-reducers when 1-2 g. are incubated 
anaerobically with media A and B, with and without .5 % Na^SO^.VlJ^O. For 
these cultures it is convenient to employ stoppered bottles containing .30-50 ml., 
but cultivation in ordinary culture test-tubes in anaerobic jars is equally 
effective. IVaters. on the other hand, vary enormously in the volume necessary 
to yield ])ositive cultures. With a heavily contaminated soil water we have 
obtained sulphate reduction from inocula of 0-00001 ml.; with other waters 
50 or 100 ml. must be incubated with Use medium. Hence, with waters obviously 
hcc.vily infected, e.c. smelling of ITS and showing vibrios under the microscope, 
only 1-2 ml. need be used, but normally our practice with waters is to incubate 
1 . 10, 50 .and 100 ml. samples. Bunker (unpublished observation) grew a strain 
from 25 ml. tap water. For the larger quantities we use stoppered bottles 
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of appropriate size or flasks containing alkaline pyrogallol plugs. To prevent 
undue dilution by the larger inocula, stronger n^eclia arc used. 

\Mien considerable blackening of the medium has occurred, ^Yhich may take 
2-3 days, and sometimes a month, the culture is examined for vibrios. If \dbrios 
predominate, which occurs sometimes in sulphite but rarely in non-sulphite 
medium, the culture is ready for the isolation of pure strains. If not, transfers 
arc made into fresh medium, preferably using portions of the black sludge, 
which usually contains a greater concentration of \nbrios than the supernatant 
liqtiid. Subculturing is continued until microscopical examination reveals 
a flourishing culture of vibrios; usually three or four transfers are necessary 
in the absence of sulphite. 

7'emperaiure of incubaiiotu The temperature of incubation need not necessarily 
be near the normal environmental temperature in nature: the first thermo- 
philic sulphate-reducer was obtained from mud in a frozen ditch (Elion, 1925). 
Crude cultures may be obtained over a very wide range of temperature. Most 
soils give positive results at 30* and 55°. Twelve different types of soil from 
various parts of Greater London all yielded flourishing cultures of sulphate- 
reducers when incubated with medium A at both temperatures; similar resuUs 
liavc been obtained with soils from many different parts of the world. 

The development of crude cultures at temperatures between 80 and 55° has 
been examined. Portions (1-2 g.) of a Teddington garden soil and of a SjTiau 
soil were incubated anaerobically with medium A at 80, 35, 40, 45, 50 and 53°. 
All cultures showed considerable sulphate reduction and developed flourishing 
growths of sulphate-reducers. Other soils similarly incubated gave negative 
results initially at one or two intermediate temperatures, but on prolonged in- 
cubation all gave positive results. 

It is difficult to explain these results. No pure strain knowa to \is is capable 
of developing at all these temperatures without gradual acclimatization. It is 
most unlikely tliat more than one or two different species arc present in the 
same sample of soil. More probably there arc different strains of the .same 
species adapted to various restricted ranges of temperature, but wc have no 
explanation of how the adaptation has occurred. 


Isolation of pure strains from crude cultures 

Starkey (1938) described the fortuitous isolation of pure cultures by in- 
cubating at 30® for 443 days without subcultivntion; jircsumably all con- 
taminating organisms had been destroyed by the prolonged action of hydrogen 
sulphide. Rittenbcrg (1911) did not obtain complete purification of cnicle 
cultures by storing for 29 monllis, though parti.al purification can undoubtedly 
be effected in this manner, Wc have used the method of preparing deep agar 
(‘shake’) and plate cultures of various dilutions of the crude culture in 0-R5 % 
saline, using medium B with 2^0 agar, filtcrctl clear. With 3% Na^Oj. 711,0 
the medium gives more rapid isolation, but in the few instances where growlli 
is inhibited, the medium without sulphite is iLScd, 

Nine ml. of cooled but still liquid agar medium arc mixctl with 1 ml. 30 
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sulphite (sterilized by filtration), 0-2 ml. n-HCI (to bring to c, pH 7) and then 
1 ml, culture dilution, in that order. It is unnecessary to take special anaerobic 
precautions with the deep agar tubes, as sulphate-reducers grow in all but tlie 
upper I in, of the medium. Plates are incubated in McIntosh & Fildes jars; 
special care should be taken to exhaust the jars thoroughly before admitting 
the gas mixture. The cultures are incubated at the required temperature until 
black colonies appear. Both tubes and plates are seeded because growth on 
solid media is haphazard, and discrete colonies are better obtained sometimes 
in tubes, sometimes on plates. Colonies which under low power of the micro- 
scope appear to be free from neighbouring contaminating colonies are trans- 
ferred to tubed liquid medium, with and without sulphite, and incubated 
anaerobically. Stoppered bottles should not be used, for the reasons already 
given. Starkey (1938) found that the colonies frequently failed to grow 
when transferred direct into liquid. We have had comparatively few failures 
by using either medium A or B containing 0-1 % Difeo yeast extract, which 
greatly stimulates growth. 

Cultures so obtained are rarely pure except in media containing sulphite, and 
then not always. When contaminations are found, further dilutions must be 
made either from the liquid culture or from another colony and fresh deep 
agar and plate cultures made. The process is repeated until the culture is pure. 
Owing to the heteromorphic character of sulphate-reducers, microscopical 
examination is not infallible and confirmation of absence of contamination 
should be made by plating on various media (nutrient agar, glucose agar, etc.) 
incubated aerobically and anaerobically. The isolation of pure thermophilic 
strains is usually rapidly accomplished without the addition of sulphite to the 
medium. H, J. Bunker & A. C. Thaysen (unpublished observation) isolated 
a pure strain by means of a micromanipulator. This technique is undoubtedly 
superior to any other but the apparatus is not generally available. 


Stock citlttires 

Pure cultures of sulphate-reducing bacteria may be kept alive on artificial 
media for long periods. Liquid mcsophilic cultures in medium A stored at 
room temperature for a year grew vigorously on subculture. Slope cultures on 
solid medium (medium A-j-0-1 % Difeo yeast extract -P2 % agar) in stoppered 
tubes containing alkaline pyrogallol plugs grew well after 13 months’ storage. 
Thermophilic spore-forming strains, kept at 55°, were viable after 18 months 
in liquid medium (medium A) and after 2 years in agar stabs (medium A •+2 % 
agar). Starkey (19.38) quotes other examples of longevity. There is, therefore, 
no difilculty in keeping stock cultures on artificial media !)oth liquid and solid. 
For prescr\’ing the original characteristics of difTcrent strains, however, pro- 
longed cultivation on such media is open to grave objection, and sterile clay 
and sand were tested as media for stock cultures. 

Tubes containing 5 g. each, some of moist clay, others of sand, were sterilized 
by autoclaving for 2 hr. at 15 Ib./sq.in. Stock cultures of four pure strains were 
prepared by adding 3 drops of actively growing cultures. The tubes were then 
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plugged -with cotton-wool saturated with alkaline pjTogalloI, sealed with a 
rubber bung and stored at room temperature. After 4 months- all four strains 
on clay grew vigorously when transferred to medium A j no growth was obtained 
with the sand cultures. After 9 montlis all four clay cultures were still viable, 
but tluec failed to develop after 12 montlis, and the fourth after 18 montlis. 
It is advisable, therefore, to make fresh clay cultures after c. 0 montlis. 


HETEROTROPHIC GRON\TII 

Liquid media. For crude cultures and isolation of pure strains the medium 
is deliberately kept simple and free from stimulants which will also favour tlie 
development of other organisms. Although there is little difTiculty in obtaining 
growth of pure cultures in media A and B, the amount of cell material is 
relatively slight, despite the impression of good growth given by precipitation 
of ferrous sulphide. The latter, which appears as a bulky black precipitate in 
the cultures, though convenient for demonstrating sulphate reduction, is in- 
convenient in biochemical and other investigations. Early in our work, we 
were confronted with the problem of obtaining large quantities of cells free 
from sulphide and other contaminating material. For this purjiDse wc needed 
a clear medium giving vigorous growth but containing ferrous iron below the 
saturation concentration for ferrous sulphide. Bunker (1039) found that yeast, 
yeast water and filtered yeast culture stimulated growth. This suggested the 
addition of yeast extract. Eventually, tlic following medium was found to give 
consistently rapid and abundant growth, considerable turbidity being obtained 
within 48 hr. with both mesophilic and thermophilic cultures. 

Medium C. KdlPO^, 0-5 g,; NH^CI, 1 g.; NajS04, 1 g.; CaClj. 011,0, 0-1 g.; 
^IgS04.7H20, 2 g.; sodium lactate (70% solution), 3*5 g.; Difeo yeast extract, 

1 g,j FeS04.7H20, 0 002 g.; distilled water, 1 1.; bring to pll 7*5. Autoclave 
for 20 min. at 20 Ib./sq.in. This gives a slight precipitate, but a stable clear 
solution is obtained by filtering and rcstcrilizing. 

Iron requirements. The following experiments show that iron is essential for 
growth, but only in small quantity. 

Medium C, made up with no added ferrous salt, was rendered ‘biologically 
free* of iron by the method of Waring & Workman (1943), in which iron 
complexes formed by the addition of 8-hy(lroxyquinoline are removed by 
chloroform extraction. The iron-free medimn was placed in test-tubes which 
had been cleaned with chromic -f-sulphuric acid, well washed in distilled water 
and finally rinsed in conductivity water. A ciUturc in medium C, containing no 
added ferrous salt, was incubated for 3 tlaj’s at 30% centrifuged, the cells 
washed with the same medium, and inoculated into the iron-free medium. No 
growth was obtainwl, though normal growth occurred on addition of 0 0002 % 
FeS04.7n.0. 

Good growth was also obtained in six successive subcultures into medium C 
made up without added ferrous salt and using A.R. grade materials (except 
the KjTIP 04 and sodium lactate) and conductivity water in carefully clc.incd 
glassware. Traces of iron present as impurities in the materials used were thus 
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sufficient for normal growth. Although no quantitative determinations of the 
iron contents ofthe individual constituents were made, qualitative experiments 
■with 8-hydroxyquinoIine show’ed that sodium lactate was the chief source 
of iron. 

Solid media. Growth on the surface of solid media is neither so successful 
nor so rapid and abundant as in liquid media. It is somewhat capricious; 
very occasionally luxuriant growth was obtained, and there were fairly 
frequent unexplained failures. The appearance of abundant groAvth is often 
given by intense blackening of media to which ferrous iron has been added, 
but the quantity of cell material is frequently scanty. The best results were 
obtained by using a massive inoculum from a vigorous young liquid culture. 
Media A and B with 2 % agar and 1 % Difco yeast extract usually gave 
satisfactory growth, but the peptone-dextrose agar (peptone, 5 g. ; dextrose, 
10 g.,- MgSO^.rmO, 1-5 g.; Na^SO^, 1-5 g.; FeSO^.CNHJ^SO^.CHoO, 0-1 g.; 
agar, 20 g.; tap water, 1 1.) of Starkey (1938) gave consistently better results. 
Attempts were made to grow large quantities of cells free from sulphide on the 
various solid media containing no added ferrous salt, but were not successful. 


AUTOTROPHIC GROtVTH 

Pont (1939) claimed to have grown sulphate-reducers in a mineral medium 
containing steel wool. It is possible, as Hadley (1943) suggests, that organic 
material was present as vegetable oil on the steel or may have been introduced 
vdth the inoculum, and though apparently no carbon source was added, tliere 
was probably dissolved carbon dioxide in the medium. Hadley was unable to 
confirm Font’s results. Czurda (1940) also claimed to have grown sulphate- 
reducers in a mineral medium in the absence of hydrogen; his cultures were 
admittedly impure, and ZoBell (l04Gb) suggested that the organisms were 
using the paraffin wax employed to exclude oxygen from the cultures, van Nicl 
(1943) wrote that ‘decisive experiments to show development of the sulphate- 
reducing bacteria in mineral media, on the basis of oxidation of hydrogen with 
sulphate, have not yet been carried out’. 

Starkey & Wight (1945) were the first to produce substantial evidence that 
sulphate-reducers are facultative autotrophs. They were able to show that 
enriched and partly purified cultures grew in an inorganic medium in the 
presence of hydrogen; the sole carbon source was bicarbonate, and sulpliate 
was reduced to sulphide. They suggested that the necessary energy was 
obtained by the oxidation of hydrogen. Starkey & IVight stated, hon-ever, 
that ‘ the results are not entirely satisfactory* in that it has not been shown 
conclusively that pure cultures of the sulphate-reducing bacteria can bring 
about tliese reactions’. It had previously been shown by Stephenson & Stick- 
land (1931) that resting non-proliferating cells of a strain of sulphate-reducers 
isolated by them contained a hydrogenasc, but there was no indication that 
growth was possible by virtue of this reaction. 

As briefiy reported (Butlin & Adams, 1947) we grew one thermophilic 
and four mcsophilic strains through many subcultures in a strictly mineral 
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medium in an atmosphere of hydrogen containing 5% carbon dioxide; no 
growth took place when hydrogen was excluded. Growth also occurred when 
sulphate in the medium was replaced by sulphite, thiosulphate and elementary 
sulphur. Furthermore, the gaseous hydrogen need not be provided as such; 
it could be produced in the medium by immersing metallic iron in tlie mineral 
salt solution. Our experiments with pure cultures show that growth and 
sulphate reduction occur when rods of mild steel are placed in the inoculated 
mineral salt medium and incubated anaerobically with no added hydrogen. 
The cultures remained pure tliroughout the experiments. Very stringent pre- 
cautions were taken to exclude all traces of organic material. 


Experimental 

Medium D. K 2 HPO 4 , 1 g.; NII^Cl (A.R.), 1 g.; CaSOi, 1 g.; MgSO^. 711^0 
(A.R.), 2g.; NaHCOj (A.R.), Ig.; conductivity water, 1 1. The NaHCOg is 
added separately after sterilization by filtration of 10 % solution (10 ml. to 1 1 .). 
pH7*0-7-5. 1 % solution FcS 04 .(NHi) 2 S 04 .CH 20 (A.R.) sterilized by 1 hr. 
steaming on 3 successive days; 5 ml. supernatant liquid added to each 100 ml. 
medium immediately before use. 

Glassicare. All glassware used in preparation of media and for culture tubes 
was cleaned in chromic acid, washed in distilled water and finally rinsed in 
conductivity water. Cotton-wool plugs normally used in culture tubes and 
flasks containing medium were replaced by loosely-fitting beakers or tubes 
cleaned in chromic acid, etc. Pipettes were plugged with acid-washed glass 
wool, placed inside large glass tubes and autoclaved. 

lncuhationwo.% in McIntosh & FUdes anaerobic jars containing atmosphere 
of hydrogen with 5 % CO^; mcsophilic strains incubated at 30®, thermophilic 
at 55®. Cultures of five strains, one thermophilic and four mcsophilic, growing 
in medium A were first cultivated in medium D (made with distilled water and 
contained in tubes plugged with cotton-wool) williout taking the elaborate 
precautions described above. A period of about 8 days elapsed before blackening 
occurred, showing reduction of sulphate to sulphide. The cultures were taken 
through several subcultivations. Tlic rate of growth increased considenilily. 
and by the third or fourth subculture reasonably good growth was obtained 
in 2-3 days. After six subcultivations, when there could have been only 
very slight traces of organic material present, a change was made to the 
all-glass culture tubes and to the special precautions for preparing mc<lia, etc., 
described above. Growth persisted tlirough at least six subcultures and showed 
no signs of failing. Throughout the experimental period, the purity of the 
cultures was proved microscopically and by seeding on nutrient agar and 
glucose broth and in broth and glucose broth, aerobically and anaerobically. 
No growth could be obtained from similar cultures incubated in anaerobic 
jars containing no hydrogen and from which oxygen was rcmove<l by alkaline 
pjTOgalloi. 

All five strains (four mcsophilic, one thermophilic) must therefore be regnrtlcd 
as facultative autotrophs. It should be cmplxasizcd tliat growth is not nearly 
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so abundant as in heterotrophic conditions, and for this reason it has not yet 
been found possible to demonstrate the presence of a hydrogenase in u-aslied 
suspensions of cells gro-^vn autotrophically. However, experiments in Warburg 
manometers with washed suspensions of the mesophilie strains grown hetero- 
trophically show that hydrogen is absorbed in the presence of sulphate, with 
formation of sulphide. The presence of a hj^drogenase in the autotrophic 
strains may reasonably be presumed. 


Sulphite, thiosulphate and elementanj sulphur as hydrogen acceptors 


In heterotrophic growth of sulphate-reducers, sulphite, thiosulphate and 
elementary sulphur can be substituted for sulphate in the mediuni, reduction 
to sulphide taking place in each case (Baars, 1930). Experiments were made 
to determine whether similar substitutions could be made in media supporting 
strictly autotrophic growth. 

The following basal medium containing no sulphate was made up : KoHPOj , 
1 g,; NH 4 CI (A.R.), I'g.; CaCUOHoO (A.R,), 0-1 g.; MgCL.Gl-RO (A.R.)," Mg.; 
NaliCOg (A.R.), 1 g., added separately after sterilization of 10 % solution by 
filtration; conductivity water, 1 1. pH adjusted to 7-0-7-5 after addition of 
bicarbonate. FeCL was used instead of FeS 04 .(NH 4 ) 2 S 0 j. 6 H 20 as indicator. 
A 2 % FeCU solution was boiled for 5 min. and 1 drop added to each 10 ml. 
medium before use. 

Sulphite medium was prepared by adding 20 ml, of 20 % Na 2 S 03 . 7 H 20 
(sterilized by filtration) to each litre of basal medium. Owing to the instability 
of sulphite solutions, -filtration and addition to medium was performed rapidly 
and immediately before inoculation. Thiosulphate medium was prepared by 
adding 4 g. NajSoOa.SHoO (A.R.)/1. to the basal medium; sulphur medium by 
adding c. 0-1 g. precipitated sulphur to each 10 ml. basal medium in culture 
tubes and sterilizing by steaming on 3 successive days before addition of 
bicarbonate. The cultures were incubated in an atmosphere of H, containiiig 


5% CO,. 

The technique tjsed was similar to that already described for autotrophic 
growth with sulphate as hydrogen acceptor, preliminary experiments being 
performed in culture tubes plugged with cotton-wool and the final subcultures 
carried out in all-glass culture tubes, with stringent precautions to eliminate 
extraneous organic material. Reasonably good growth with reduction to 
sulphide was obtained with four mesophilie strains at 30° and one thermophilic 
strain at uo°, except in the medium containing elementary sulphur, which 
showed definite blackening but very scanty growth. Uninoculatcd controls 
remained unchanged. 


Autotrophic groxeth in presence of metallic iron 

Starkey & ’Wight (1945) grew sulphate-reducing bacteria at 28° in mineral 
medium to which steel-wool had been added. Hydrogen is evolved through 
reaction with water v. iien iron is immersed in the culture medium. As witli the 
cultures growing autotrophically in an atmosphere of il, it was assumed that 
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the energy for growth was obtained by the oxidation of hydrogen and that 
sulphate acted as hydrogen acceptor. Starkey & AVight stated tliat their 
teclmiquc was not Avell adapted to pure culture work, and contaminants 
were present in all cultures at the end of the incubation period. In our 
experiments using metallic iron ns the sotirce of hydrogen, we used the 
teclmiquc already described for autotrophic growth, and our cultures remained 
pure. 

Steel rods about 1 in. long were first cleaned by tlircc immersions in pure 
benzene, then washed with hot distilled water, rinsed in conductivity water 
and finally sterilized by autoclaving in medium D before addition of bicarbonate. 
After inoculation with two drops of culture grown through several subcultures 
in mineral medium contained in all-glass culture tubes, the cultures were 
incubated in an anaerobic jar containing alkaline pyrogallol. Four mesophilic 
cultures were placed at SO® and one thermophilic culture at 53®. After 2-3 days 
a black precipitate began to appear on the surface of the steel rod and growth, 
though scanty, was definite and persisted tlirough several subcultures. 
Uninoculatcd controls remained unchanged. 


DISCUSSION 

No attempt has been made to elucidate the autotropliic metabolism of the 
strains investigated, but in view of the fact that hydrogen is essential and that 
the corresponding hetcrotrophic mesophilic strains contain a hydrogenase, it 
may reasonably be inferred that the oxidation of hydrogen by the hydrogenase 
system is the source of energy. The cnerg)' released must be used to fix CO* for 
growth purposes and also to supply the cncrg>" for the reduction of sulphate 
(or sulphite, thiosulphate and sulphur) to sulpliide, a reaction which appears 
to be essential to the life of the cell. 

Some problems of considerable biochemical interest arc raised, in particular 
tlie nieclianism which must link the energy-releasing and cncrgj’-absorbing 
systems. The reduction of sulphate to sulphide by singes suggested by Khiyvcr 
(1031), but not yet experimentally established, is presumably linked to the 
oxidation of hydrogen by hydrogenase, but tlicre remains the problem of 
synthesis of cell materials from bicarbonate as sole carbon source. LePage 
& Umbreit (1943) showed that wlicn the aerobic obligate autotroph 27a'o- 
bacillus thiooxidans oxidizes sulphur to sulphuric acid, an cncrg\’-rich ndeno- 
sinC‘3-triphosphntc is formed, and that cnergj' obtained from the energy-rich 
phosphate bonds may be usctl for growth purposes. The possibility that 
a similar mechanism operates in tlic autotrophic metabolism of sulphate- 
reducers might be explored. 

Another matter for speculation is the manner whercliy elementary siilpliur, 
which is insoluble in tlic growth medium, is retiuced to sulphide during hetcro- 
trophic or autotrophic growth of suIphatc-reduccrs in apparent violation of the 
principle tliat energy transformations take place at the surface of, or within 
the cell. It has been suggested that cells of T/j. thiooxidans contain unsaturated- 
fat globules which dissolve sulphur by direct contact and so bring it into the 
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ceU for oxidation (Umbreit, Vogel & Vogler, 1942), though this speculation has 
been partially disputed by Khaysi (1943). 

The utilization of the hydrogen evolved when metallic iron is immersed in 


mineral medium provides additional evidence for the presumed role of sulphate- 
reducers in anaerobic corrosion of ferrous pipes, namely, that of depolarizing 
the cathodic elements of electro-chemical systems on the surface of the metal. 
It by no means follows that the organisms taking part in the corrosion process 
are living autotrophically, for corrosion of this tj^pe is usually'more severe in 
the presence of the products of cellulose decomposition, which provide 
oxidizable food material for the organisms. It is probable, therefore, that 
future investigations will show that a hydrogenase plays an important part in 
the heterotrophic as well as the autotrophic metabolism of sulphate-reducers. 
It is improbable that all sulphate-reducers are capable of autotrophic growth, 
for Stephenson (1947) states that a hydrogenase is not invariably found in this 
group. The possession or non-possession of a hydrogenase might serve as a basis 
for differentiation into separate species. 


"SVe are deeply indebted to Mr H. J. Bunker, both for his past work in the same 
field at this Laboratory and for liis valuable criticisms and suggestions while reading 
through the manuscript. Tiiis paper is published by permission of the Director of the 
Chemical Research Laboratory. 
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Some Biological Properties of Trichothecin, an Antifungal 
Substance from Trichothecium roseum Link 

By G. G. freeman axd R. I. I^IORRISON 

Imperial Chemical Industries Lid., Nobel Division, 
licscarch Department, Stcvcnston, At/rshirc 

SU^BIARY : The production of trichothecin by strains of Trichothecium roseum was 
greatly increased when nutrients such as yeast extract, malt extract or corn-stccj> 
liquor were added to Czapek-Dox medium containing 5 % (w/v) glucose. iVmmonium 
salts, especially ammonium tartrate, were better than nitrate as source of nitrogen, 
and high trichothecin titres were also obtained with asparagine or glycine as source 
of nitrogen. Maximum jdelds of the order of 100 mg./l. were obtained on a modified' 
Czapek-Dox medium containing ammonium tartrate instead of sodium nitrate and 
including 5 % (w/v) glucose and 1 % (v/v) of corn-steep liquor, in about 30 days, with 
4 cm. depth of medium. 

Trichothecin had no antibacterial activdty against Staphylococcus aureus, Bacillus 
subtilis or Bacterium coli. It was active against each of the twenty-seven species of 
fungi examined. The growth of Penicillium digitahnn, the most sensitive species 
investigated, was completely inhibited at 0-G4 mg./l., and 50 % germination of its 
spores took place at trichothecin concentrations between 0-30 and 0-75 mg./l., 
according to the age of the spores and other factors. 

Antagonism between Trichoihecium roseum Link and certain plant-pathogenic 
fungi was reported by Whetzel (1909), Boning (1933), Koch (1934) and 
Greaney & Machacek (1935). Koch (1934) stated that T. roseum actively 
parasitized the stroma of Diboinjon morhosxm in the black-knot disease of 
various hosts. The influence of Trichoihecium roseum on the pathogenicity of 
Ilclminihosporium saiii'uxji in experiments with cereals has been observed by 
Greanej' & Machacek (1935). Antifungal activity of culture filtrates of Tri- 
cholhecium roseum against Boirytis allii was reported by Brian & Hemming 
(1947). The substance responsible for this antagonism was isolated from culture 
filtrates of the fungus and its chemical properties described (Freeman & 
Morrison, 1948), and was given the name ‘trichothecin’. The work described 
here is concerned with the most favourable conditions for the production of 
trichothecin, and with its biological properties. We first observed that a ten- 
fold dilution of the culture filtrate of a strain of Trichoihecium roseum on 
beer-wort completely suppressed the germination of Penicillium digitalmn 
spores. In cylinder-plates the growth of Aspergillus niger mut. schiemani, 
Paecilomyces varioti, Fusarium gramineantm and Penicillium hagemi was 
inhibited, though less markedly than that of P. digitaium. Antagonism of 
Trichoihecium roseum towards Penicillium spp., both on liquid and solid media, 
was frequently observed, the mycelia of the latter being ultimately completely 
overgrown by Trichoihecium roseum. 

EXPERIMENTAL 

Strains of Trichothecium roseum. Four strains of T. roseum ivere used; tlicy 
were isolated in this laboratory from specimens of cut wood collected locally. 
When freshly isolated on beer-wort agar medium all shoived the characteristic 



Biological properties of irichothecin 61 

macroscopic appearance of T. roseum. The colonies, which were initially white 
and thinly floccose, rapidly developed a rose pink conidial zone. The erect 
conidiophores carried terminal clusters of two-celled oval conidianbout 20 x 10;t, 
each W’ith a nipple-Iikc projection at the point of attachment. Microscopically 
the various strains were indistinguishable; their various colonial appearances 
w’erc as follows. 

Strain no. F109. Colonies on beer-wort agar were thinly floccose, white at 
first, rapidly becoming pink and velvety as conidia developed. On liquid 
Czapek-Dox medium (5 % (w/v) glucose) supplemented by 1 % (v/v) com-steep 
liquor (CSL), initially produced thick smooth convoluted felt, deep pink in 
colour. After a number of subcultures on wort agar, the mycelium on liquid 
medium became largely sterile, compact, white and convoluted with a few 
small pink conidial areas. This change coincided with a decrease from flO to 
5 mg./l, in the trichotliecin production on the above medium. The original 

Table 1 . Maximum irichothecin production and other data 
of strains ofTrichothecium roseum 

Mtudmtim tricho- 
thecln production 
under conditions 
described in Tabic 7 
on medium ^ cm. deep 


Strain no. 

Source 

Date isolated 

(niR./l.) 

P109 


June 1045 

25 

F108 


August 10-10 

150 

F22r 

• 

December 1040 

no 

F271 

Sycamore (/l«r pscudoplalantts) log 

January 1048 

20 


activit)' was restored when sodium nitrate wos replaced by ammonium tartrate 
as nitrogen source, but the mycelium remained largely sterile, althougli conidia 
developed normally on wort agar. 

Strain no. Fl08. Colonics on wort agar were thin, pale pink with numerous 
areas of sterile floccose mycelium. After C-4 subcultures on wort agar only 
while floccose sterile mycelium was produced. No antifungal activity was 
detected when this strain was grown on Czapek-Dox glucose CSL medium, but 
high concentrations of trichothecin were obtained with the ammonium 
tartrate-containing medium. 

Strain no. F227. Colonies on wort agar were similar to those of strain FlOO, 
but with occasional floccose sterile areas. On liquid glucose CSL Czapek-Dox 
medium the mycelium was mainly pink with hca\w development of conidia, 
and the surface was much rougher tlum tlint of strain FlOO. There was 
occasional development of loose, white floccose areas with delayed conidial 
production. On the ammonium tartratc-cont'vining medium similar hut 
hc.'vvier growth took place. 

no. F271. Colonics on wort agar and conidial prothicliou weresimil.ar 
to strain FlOO. On the ammonium tnrlralc-containing medium the mycelium 
resembled that of stniin F 109 u\ texture, but conidial development look jilacc 
evenly over the whole surface. 
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Assay of irichothecin 

(o) By inhibition of germination o/Penieillium digitatum conidia. The basis 
of the method was described bj- the Committee on Standardization of Fungicidal 
Tests of the American Phjdopathological Society' (1947), and its application 
to conidia of Botnjiis allii by Brian & Hemming (1945). PcniciUkim digitatum 
conidia were used as test material and Czapek-Dox medium containing 5 % (w/v) 
glucose at pH 4-2 was emploj^ed as germination medium. In preliminary tests, 
considerable %’-ariations were obsen^ed in the sensitivity towards the antifungal 
compound of different batches of spore suspensions (Table 2). This variation 

Table 2. Variation in sensitivity to irichothecin qfPenicillium 
digitatum spore susj)ensio7is 


Percentage germination of spores in presence 
Age of of triehothecin (mg./l.) 


No, of culture 

f 


^ -- -- 


> 

ED so 

culture, (days) 

1-25 

0C3 

0-31 

OIG 

oos 

(mg./I.) 

1 7 

10 

CO 

100 

— 

— 

0*75 

2 

1 

10 

50 

SO 

100 

0*20 

3 

5 

50 

100 

— 

— , 

0C.3 

4 

10 

GO 

100 

— 

— 

0*75 

3 

a 

30 

70 

100 

— 

0-4t 

G 

5 

20 

50 

80 

100 

0*31 

7 14 

1 

40 

80 

100 

— 

0*53 

8 ■ 

0 

20 

50 

100 

— 

0*38 

0 

a 

50 

100 

— 

— 

0*03 


was overcome by use of a parallel series of standard concentrations of tricho- 
thecin w’ith each set of assays, from which the concentration of tlie substance 
which permitted 50% germination (ED 50) was determined for each batch of 
spores. The ED 50 was determined graphically by plotting the probit corre- 
sponding to the percentage germination against the logarithm of the concentra- 
tion (Finney, 1947) and reading the ED 50 on the linear response curve llius 
obtained. The ED 50 is cited in the tables in mg, /I. 

(h) By a cylwder-pJatc method. The method was an adaptation of the cylinder- 
plate diffusion technique (Abraham, Chain, Fletcher, Gardner, Hcatley, 
Jennings A Florey, 1941), in which a porcelain cylinder was embedded in 
beer-wort agar medium, sown with P. digiialum spores, in a Petri dish. The 
cvlinder was filled with the test solution and the plate incubated for 8 days at 
25'. The dose-response cur\’e for triehothecin (Fig. 1), for concentrations in the 
range of 1 -50-200 p.p.m.. shows that there is a linear relationship between 
diameter of zone of inhibition and tlie logarithm of Irichothecin concentration. 

The method compares unfavourably with the sporc-germination method. 
It is less precise because of the diffuse nature of the boundaries of the zones of 
inhibition, and because the zones are too large to allov,- both standard and 
test solutions to be set up on the same 9 cm. plate. It is also slow, since 8 days 
must elapse before rc-suIts are obtained. 

Ti’^ data summarized in Tables 8 and 4 %vere obtained bv this method. 
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Factors which in fluence irichoihecin production in liquid iriedia 

The influence of a number of factors on trichothecin production in liquid 
media was investigated. The basal medium was Czapek-Dox containing 5% 
(w/v) glucose, sterilized by autoclaving in 350 ml. quantities (giving 17 mm. 
depth of medium) in ‘ Glaxo ’ bottles. The initial pH was 5*0, The cultures were 



Fig. 1. Hclatlonship between tricbothccin concentration nnJ dlametcf of rone of iniiibltlotj 
of PaiiciUiutn iligifatum in cjiin(icr*platc assay method. ©— — © rone diameter 

plotted against trichothecin concentration (mg./I.). x x zone diameter pIottc«i 

against log conccntnition. Each diameter represents the mean reading from four plates. 

inoculated with a suspension of Trichoihecium roscum spores from about 7*day 
l)cer*wort agar slopes. The cultures were incubated at 25® in the dark, and 
samples of the filtrate assayed at intervals. In the absence of added organic 
nutrients growth was slow and sparse. To produce rapid growth and hca\y 
development of mycelium nutrients such as yeast e.Ktract, malt extract, beer 
wort and CSL were nccessar}'. In preliminary c.xperimcnts CSL nppcaro<l to l)c 
most cfTcctive in stimulating development of trichothecin. 

Corn-steep liquor concentration. Tlic effect of CSL concentrations in the range 
0‘1~2% (v/v) at initial pH values of 4*0, 0*1 and 7*0 was detennined (Table 3). 
In the absence of CSL only truces of activity* were produced. Addition of 0*1 % 
(v/v) resulted in a striking increase of activity, but further increase of CSL 
above 0*2% (v/v) produced liltfc further increase in activity. U'itJiin the 
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range pH 4-0-7-6, initial pH had no significant ' effect on trichothecin 
production. In the subsequent experiments the various media contained 
1 % (v/v) of CSL. 


Table 3. Influence of corn-steep liquor concentration on production of trichothecin 
by Triehothecium roseum strain i?’109 in ‘Glaeco’ bottle cultures 
Trichothecin was assayed by the cylinder-plate method. 

Period of incubation (days) 


CSL 

( 0 / v/v) 

4 G 8 12 

Concentration of trichothecin (mg./l.) 

JL. .... . 





1 

0 

— 

— 

— 

Trace 

01 

— 

4-2 

200 

34-0 

0-2 

— 

C-8 

ir-o 

GOO 

0-5 

1-2 

G-8 

140 

400 

1-0 

Trace 

7-8 

120 

340 

20 

Trace 

100 

120 

400 

0 

— 

— 

1-4 

4-2 

01 

— 

1-8 

3-5 

120 

0-2 

1-2 

GO 

7-8 

41-0 

0-5 

20 

60 

ICO 

41-0 

10 

— 

GO 

14-0 

600 

20 

Trace 

100 

14-0 

500 

0 

— 

— . 



— 

01 

20 

CO 

CO 

20-0 

02 

38 

100 

7-8 

400 

0-5 

Trace 

3-5 

8-8 

.300 

10 

Trace 

2-7 

GO 

84-0 

20 

Trace 

4-7 

11-0 

COO 


Carbon source. Comparison of glucose, sucrose, lactose and glucose -f lactose 
as carbon sources (Table 4) showed that maximum trichothecin production 
took place with sucrose and that lactose was unsatisfactory. 


Table 4. Effect of source of carbon on trichothecin production by Triehothecium 
roseum strain ElOO in basal medium enriched by various sugars 
Trichothecin was assayed by the cylindcr-pIatc method. 

Period of incubation (days) 

X ■ - ^ 

0 10 la iG 

Carbon source and Trichothecin concentration (m"./l.) 

% (w/v) cone. r ' “"V 


Glucose, 5 

3-4 

2-4 

5-2 

3-1 

Sucrose, 5 

120 

00 

100 

4-7 

Lactose, 3 

<1-0 

<10 

<1-0 

— 

Glucose, 2-5; lactose, 2-3 

O.Q 

— Xot tested. 

31 



Nitrogen source. The nature of tlje nitrogen source in the medimn luul con- 
siderable influence on the production of trichothecin. T. roseum strain F2-JT 
was grown on a series of media biiscd on the Czapek-Dox formula, containing 
5 % (w/v) of glucose and 1 % (v/v) of CSL. in whicli the norma! nitrogen source. 
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NaNOg , was rcplacedby the equivalentamounts of IvNOg, NIIjNOg , (^114)2504 , 
ammonium tartrate, asparagine, urea and glycine (Table 5). The ammonium 
ion was superior to nitrate as a source of nitrogen, except when supplied in the 
form of ammonium sulphate, in which case the pH rapidly fell to about pH 2, 
presumably because of the liberation of sulphuric acid. Ammonium tartrate 
was the best nitrogen source for tricliothccin production and was used in the 
preparation of trichothecin on a relatively large scale. Asparagine and glycine 
media both produced high titres of trichothecin, but the maxima were reached 
more slowly than with ammonium tartrate. Only a trace of activity developed 
when the medium contained urea as source of nitrogen. In a separate experi- 
ment, a medium containing the equivalent concentration of acetamide gave 
trichothecin production of the same order as that obtained with nitrate 
nitrogen. 

Table 5. Effect of nitrogen source on production of trichothecin xn 
cultures ofTrichothccium roscum strain F227 

Sodium nitrate in the Czapek-Dox formula %Tas replaced by equh*nlcnt concentrations of 
other nitrogen sources in media containing glucose (5 % , w/ v) and CSL ( 1 % , v/v). Tricho- 
thecin was assayed by the spore-germination method. Each result represents the mean of 
three cultures. 

Period of incubolion (days) 

4 7 10 ID 4 7 10 13 

Trichothecin concentration 

Nitrogen Cone. (mg./l.) ' pll 

source (g./l.) , * * , * » 


Potassium nitrate 

23 

— 

— 

2*4 

8-3 

0-2 

01 

CD 

0-5 

Ammonium nitrate 

00 

20 

250 

500 

50 0 

4-3 

5-0 

C‘5 

0-0 

Ammonium sulpfiate 

1-5 

25 

80 

5-1 

50 

3-.7 

2-4 

20 

21 

Ammonium tartrate 

2.'> 

— 

250 

34 0 

77-0 

00 

55 

5-5 

C-5 

Asparagine 

li 

— 

— 

0-8 

35 0 

0-5 

0-4 

03 

00 

Urea 

0-7 

— 

— 

0-7 

— 

7-0 

7-5 

73 

8 0 

Glycine 

1-8 


— 180 

— Not tested. 

550 

00 

GO 

0-5 

0-8 


Glucose concenitration. Tlic cfTect of initial concentrations of glucose in the 
range 1-20 % (w/v) was determined in a medium containing 1 % (v/v) C^L and 
Czapek-Dox salts in which sodium nitrate was replaced by the equivalent 
quantity of ammonium tartrate (Table 0). With low concentrations (1 or 
2% (w/v)) of glucose, trichothecin concentrations rose to a maximum after 
C and 10 days, respectively, and thereafter fell equally nipidly to zero. The 
highest concentration was obtained with 5% (w/v) glucose and was only 
slightly less with 10% (w/v) initial glucose. With 20% (w/v) initial glucose, 
both the rate of trichothecin production and the maximum conccnlration 
were much lower than with 5 and 10% (w/v) initial sugar coneentmtions. 

Depth ofxnedium. Tlic maximum practicable depth of medium for tricho- 
thecin production and isolation was dctcrminctl in the medium iis«l in the 
previous experiment, containing 5 % (w/v) initial glucose. The results (Table 7) 
show that although trichothecin concentration nttainc<I a maximum more 
slowly in the deeper media it was at least as high as in the shallower mctlia. 


G »n 1 1 1 
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Biological properties of trichothcci}} 

Trichothecin had no antibacterial activity against Siaphijlococcus aureus, 
Bacillus suUilis or Bacterhim coli, at a concentration of 400 nig./I. (saturated 
aqueous solution) and pH 7-0, as determined by the c.vlinder-plate method 
(Abraham ei al. 1941). Its antifungal acti%’itj' is exhibited against Fungi 


Table 6. Effect of initial glucose eoncentration on trichothecin production 
by Trichothecium roseum strain F227 

The fungus was grovn on the following medium: ammonium tartrate, 2-2 g.; MgSO^.THjO, 0-5 g 
K.HPO4, 1-0 g.; FeS 0 ^. 7 H.O, 0-01 g.; KCl, 0-5 g.; com-steep liquor, 10 ml.; glucose, 10-200 g.*; ivater'^ 
1000 ml.; pH 5 - 0 . Trichothecin was assayed by the spore-germination method. 


Glucose Trichothecin concentration 

initial (mg./l.) after (days) 

concentration , 


% ("’/v) 

4 

7 

10 

13 

17 

1 

19-0 

20 0 

11 

2-5 

— 

2 

240 

300 

39 

250 

13 

5 

24-0 

45-0 

33 

340 

Cl 

10 

27-0 

41-0 

43 

500 

38 

20 

1-3 

4-7 

13 

200 

33 


pH after (days) 
* 


24 

4 

7 . 

10 

13 

17 

24 

— 

50 

C-5 

7-1 

7-7 

— 

— 

3 

5-4 

CG 

7-3 

7-7 

8-5 

91 

29 

51 

C-7 

7-2 

7-3 

8-3 

8-G 

33 

4-8 

C’5 

70 

7-3 

8-4 

8-2 

33 

41 

00 

C-7 

7-0 

8-2 

8-1 


tested. 


Table 7. Effect of depth of medium on trichothecin jiToduction by 
Trichothecium roseum strain F227 


Medium as in Table 0 , with 
germination method. 


5 % ("/v) glucose. Trichothecin nns assayed by the spore- 
Period of incubation (day.s) 



Volume of 

Depth of 

medium per 

medium 

bottle 

(cm.) 

(ml.) 

0-5 

100 

1-0 

200 

2-0 

400 

4-0 

800 


r - ^ _ __ _ 

0 9 13 1C 20 27 30 

Trichothecin concentration (nig./l.) 

A ■ — — - 


32-0 

2C0 

17 

28 

— 

— 

— 

14-0 

— 72 

71 

5C 

— 

— 

G-3 

25-0 

55 

58 

•74 

01 

5T 

2-5 

9-4 

SO 

72 

91 

ni 

72 


— Not tested. 


Imperfecti, Zygomycetes and Ascomycctcs, and tlic growtli of the twenty-seven 
species of fungi so far examined was inhibited in some degree. Tests in the 
presence of a range of concentrations of trichothecin (O-l.T-SO mg./I., Table 8) 
revealed wide differences in the sensitivity of different fungi to trichothecin. 
The growtli oi Penicillium digitaium, much the most sensitive .species c.xarnined, 
was completely inhibited by 0-G4 mg./l. In contrast, the growth of P. nnlalum, 
P. nisricans janczezcsJrii and Trichoderma viride was not completely inhibited 
at a concentration of SO mg./I. Growth of Trichothecium roseum strain F227 
w.as itself partially inhibited by a tricliothecin concentration of SO mg./l. 

Germination of Penicillium digitaium conidia %vas virtually suppressed by 


CO Cl 
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1*25 rag./l. of trichothecin; the ED 50 varied from O-SO to 0*75 mg./l. according 
to the age and other properties of the conidia (Tabic 2). The corresponding 
figures for Botryiis allii spores are 6*25 and 8*12 mg./l. 

Table 8. Effect of irichothecin on the growth of certain fimgi 

Tlie fungi were seeded on to the surface of bccr-wort agar containing ^*arjing trichothecin 
concentrations. After 5 days' incubation at 25" growth was compared with that obtainr«l 
on control plates containing no antifungal substance. No growth, 0; trace of gro^vtl^, l ; 
slight growth, 2; good gro>vth, 3; abundant gtowUi (as control), 4, 


Relative growth at tricho- 



National 


thccin concentrations (mg./l.) 


Collection 








Laboratorj' ofT>7>e 


80 

10 

8 2 

oot 

013 

collection 

Cultures 



Relative growth 


no. 

no. 

Organism 

— 


— *— 


V 



Fungi Impcrfccti 






Fl5a 

082 

Aspergillus fumigolus Pres. 

0 

3 

4 

4 

4 

FICO 

3308 

A, niger van Tiegh. 

0 

0 

4 

4 

4 

F181 

1850 

Cephnlosporium longispontm Fetch 

0 

1 

4 

4 

4 

F182 

2278 

Clndosporitwi fierbartim Link 

0 

0 

0 

4 

4 

F107 

— 

Fusarium gratnineantm Scliwabc 

0 

0 

3 

3 

3 

F180 

1357 

Ilelminlhosporium sacchari But!. 

0 


2 

3 

4 

FIT 

— 

Paecllomyces i-anofi Bain. 

0 

3 

4 

4 

4 

FllT 

583 

PeuieilUttru easeieola Bain. 

0 


4 

4 

4 

F229 

8530 

P, eilrifium Tlvom 

0 


4 

4 

4 

FIDO 

— 

P, digitatum Saec. 

0 

0 

0 

0 

3 

FllO 

503 

P, expansum Link 

0 

3 

4 

4 

4 

FI 02 

584 

P. lilaeimm Thom 

0 


3 

4 

i 

F140 

3058 

P. vteleagrinum Blourgc 

0 

0 

3 

4 

4 

P2n 

— 

P. nlgrieans^^anezeivsfdi series 

1 

3 

4 

4 

4 

F143 

4222 

P. noM/um Wcstllng 

1 

4 

4 

4 

4 

P135 

083 

P. oxalicim Currie & Tliom 

0 

0 

4 

4 

4 

F133 

588 

P, nxjuefoTti Timm 

0 


4 

4 

4 

F234 

501 

P, spinuiorum Tliom 

0 

0 

4 

4 

4 

F2U 

emo 

S'la^ybctris atra Corda 

1 

4 

4 

4 

4 

FC 


Tridiodertna viride Pers. cx Pries 

1 

3 

4 

4 

4 

F22T 

— 

Triehothecium rosaim Link 

2 

4 

4 

4 

4 



Ascomycctcs 






F17T 

4020 

Chaetomium conmlutum Chivers 

0 

0 

2 

4 

4 

F2a8 

3-tll 

iVfMrojpern erassa Shear & Dodge 

0 

0 

0 

4 

4 

B65 

742 

Saceharomyees carlsbergensis Hansen 

0 

0 

1 

4 

4 



Zygomycetes 






F200 

loot 

.Ifumr errrtus Bain. 

0 

1 

2 

3 

4 

F2&1 

3153 

5i/nc«7jftaia5fnmi roremojum (Colm) 

0 

3 

4 

4 

4 



Schroct. 






F205 

1127 

T/mmnWium elegans Link 

0 

0 

3 

4 

4 


DISCUSSION 

Tlie isolation of trichothecin and demonstration of its antifungal properties 
provide fairly conclusive evidence that this compound is responsible for the 
antagonism exhibited by Trichoihcciwn rosnan towards other ftmgi. Sc^^cral 
other crystalline compounds have been isolated from T. rosciim culture fiUnitcs 
and will be described elsewhere, but all were devoid of antifungal or anti- 

3'2 
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bacterial activity. Triehothecin is extracted from the filtrates by chloroform, 
which removes the whole of the antifungal activity. None of the fractions 
obtained cliromatographically, with the exception of the trichothecin-containing 
fractions, exhibit any antifungal activity. The stability of triehothecin at 
normal temperatures and over a wide range of pH (Freeman & Morrison, 19-iS) 
suggests that the compound may persist for sufficiently long in nature to 
influence the growth of other fimgi. In this connexion the frequent occurrence 
on dead wood of characteristic, virtually pure cultures of T. roseum is of interest. 
Concentrations of triehothecin of the order of 80 mg./l, partly inhibit growth 
of T. roseum in culture, and old cultures of the fungus slowly lose their anti- 
fungal activity. 

The antifungal activity originalty observed in Czapck-Dox-5 % (w/v) glucose 
medium proved to correspond to about 10 mg./l. of triehothecin. The bulk of 
the work described above was undertaken with the object of improving the 
}'ield to provide sufficient quantities of the compound for chemical annl 3 ’sis 
and degradation studies. No evidence of the mode of antifungal action of 
triehothecin is yet available; it has, however, been sliown that its action is not 
inhibited by an excess of cysteine (cf. Cavallito & Bailc)'^, 

Wc vash to express our thanks to Mr .4. J. Baillic for his assistance wth tiie 
biological assaj's and to Miss A. McCann for assistance in the isolation of the 
triehothecin used in this work. > 
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Outline Classification of Bacterium and Staphylococcus 

By S. T. cowan akd CONSTANCE SUAW 
National Collection of Ti/pe CuUurcst Lister Jnslilulc, Ehlree, Herts 

SUMMARY: The National Collection of Type Cultures, in its list of species main* 
tained, uses unorthodox classifications of the genera i?ac^erinm and Staphylococcus, 
For convenience in cataloguing Bacterium is divided into groups representing 
coliforms, plant pathogens, non-fenncnting species and paracolons; to these is 
added a miscellaneous group of organisms of uncertain taxonomic position. These 
subdivisions arc not intended to constitute a valid classification, 
s Coagulase-positivcstnphylococci,UTesi>cctivcofpigmcnt, form the species pyogenw; 
coagulase-ncgative strains are subdivided according to the pigment produced. 

BACTERIUM 

ThcNational ColIectionofTypeCtiltures(1948)recogaizesthcgenera6’fl/;«o/ie//a 
and Shigella but includes most of the other Gram*ncgativc intestinal bacilli in 
the genus Bacterium, which is defined in n broad sense: 

Bacterium. Gram*negativc rods, usually motile by pcritrichous fiageUa. Grow 
readily on simple media and most groups arc active In fermenting carbohydrates. 
Most species do not liquefy gelatin. ^Vldcly distributed in nature. 

Type species: colt Escbcrich. 

M'ithin the genus five groups are recognized; 

Coli-aerogenes, active fermenters of carboliydratcs, usually with the pro- 
duction of gas; all species ferment lactose. 

Eruntiia, similar to coli-aerogenes but pathogenic for plants; usually ferment 
salicih. 

FriedUindcr, capsulatcd bacilli producing mucoid colonics; usually isolated 
from the respiratory tract, 

Non-fcrmenlhig, fail to ferment any carbohydrates; sometimes jiroducc 
alkali in milk. 

Paracolon, active fermenters of carbohydrates; laic or no fermentation of 
lactose. 

For case of reference we have listed the plant pathogens as a separate group, 
but wc agree with Dowson (1939) that these organisms should be regarded as 
members of the main coli-acrogcncs group, with Bacterium coli as the tyjic 
species. Habitat is an undesirable criterion in a systematic chkssification, but 
for convenience in preparing our list wc adopted it to separate coliforms from 
Erwinia and the Friedlfindcr group from aerogenes. Wc licsihilc to abolish the 
FriedUindcr group, but wc do not feel Justified in giving it generic rank; further 
study of antigenic make-up u'jll probably decide the matter. 

The paracolon group is dilTcrcnlialc<l on the otic hand from the eoli-aerogciies 
group by the non-lactosc-fennenling or latc-Iactosc-fcnncnting character of 
the organisms, and on the otlicrhnnd from Sabnonella and Sh igella by differences 
in antigenic structure. The work of Edwartls, West Sc Bruner (19 17) luvs done 
much to show the relationship of ccrUiin paracolons (.Vrizona group) to the 
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salmonellas. The non-fermenting group is clearly differentiated from the other 
groups, but it is not homogeneous. Our work with this group suggests that 
eventually at least two genera may be justified. 

In general we agree with the view of Borman, Stuart & Wheeler (lOI-l-) tliat 
the Gram-negative bacilli which we call Bacterium, and they call Colobactrum, 

Glucose 


+ 

I ! 

Lactose Non'fcrmcnting group 


+ — (orlate+) 

1 I 

Pfaj-topathogcnic Paracolon group 


+ 

! 1 

ErzL'inia group Site of origin 


Usually respiratory Usually intestinal tract, 

tract soil, vater 

1 I 

Prkdlandcr group Coh-acrogcnes group 

Fig. 1. Differentiation of groups rvithin the genus Bacterium. 

Paracolobactrum, Envinia, and Proshigella, show a series of gradations wliich 
blend one into another. We differ in not yet being prepared to treat Bacterium 
(Entcrobacteriaceae) as a family and subdivide it into genera. Like Wilson 
& Wiles (1940), we recognize groups within our genus Bacterium attd know that 
some ma}’’ eventually be accorded generic rank. 

Finally, in the National Collection of Type Cultures List we have included 
a group ‘Bacterium’. The word Bacterium is printed Iwrc within quotes and 
in our List in roman to indicate that wc do not regard this group as homo- 
geneous or the organisms in it as necessarily related to the rest of our genus 
Bacterium. It includes species (mostly Gram-negative rods) that have been 
insufficiently studied or described to justify their allocation to accepted genera. 
In sliort tliis group consists of organisms of uncertain taxonomic status and is 
merely a cataloguer’s dump-heap. 

STAPinXOCOCCUS 

Staphylococcus may be defined in one of two ways; the first includes all mono- 
morphic Gram-positive cocci arranged in clusters, the second, more sharplj 
circumscribed, is limited to the cocci that produce the enzyme coagulasc. ^\t■ 
propose to outline the points in favour of and against these definitions in turn. 

SlapKuIococcus Ogston (18S2) emend. Monomorphic, Gram -ix^itive cocci less than 
1 1 ! in diameter, arranged in pairs in young cultures and in irregrilar cludcrs m older 
cultures. Grov.- readily on simple media. Under suitable conditions white, yellow, 
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or gold colonies are produced. Some species produce characteristic enzymes and 
toxins. Mainly saprophytes but sometimes patliogenic to man and animals. 

U’ypc species; Staphylococciis pyogenes Roscnbnch anend. 

The characteristic enzymes are staphylocoagulase and fibrinolysin. The 
coagulase test should be standardized and carried out with human plasma 
(Gillespie, 1948; Williams & Harper, 1940); we stress this because recent work 
suggests that different mechanisms take part in the reaction when plasma of 
different species arc used (Smith & Hale, 1044). A genus so defined would be 
acceptable to most bacteriologists; however, on grounds of pleoraorphism and 
pigment it would exclude organisms such as Staphylococcus JlavO'Cyaneus 
(Knaysi, 1942). The chief and formidable objection to this definition is that the 
borderline bchvecn tliis genus and Micrococcus is ill-defined, because it rests 
on the diameter of the cocci and therefore on uniformity in size and shape. 
Most micrococci have cells 1 p or more in diameter and show variation in size, 
but cell size may vary so much under different cultural conditions that it is 
impossible to make a precise dividing line between the two genera. 

The second definition we considered was simpler: 

Staphylococcits Ogston (1882) emend. Gram-positive cocci that produce an enzyme 
capable of clotting human plasma. 

Type species: Staphylococats pyogenes Roscnbach 

Sucli a genus is neat and compact; it consists of organisms tlmt arc all closely 
related serologically, sharing a scries of specific antigens (Cowan, 1039 ; Christie 
& Keogh, 1940; Hobbs, 19 18). Furthermore, most strains of this genus arc 
susceptible to one or more of a series of staphylococcal bacteriophages (Wilson 
& Atkinson, 1045). Jlost strains arc capable of i>roduciDg one or more of the 
recognized staphylococcal toxins, and all arc regarded as potentially patho- 
genic (Cruickshank, 1037; Fairbrothcr, 1940; iSIilcs, Williams Si Claylon- 
Cooper, 1944). 

It may he objected that the definition excludes a group of congulasc- 
negative, monomorphic, Gram-positive cocci tliat arc normally accepted as 
staphylococci. This group would have to be placed either in a new genus 
created for them or in the genus Micrococcus. For our part we should not 
object to enlarging the genus Micrococais to include tliis group and should like 
to have defined Staphylococents to exclude it; but in preparing the N.C.T.C. List 
we had to bear in mind that it would be read by scientists of all kinds and that 
nil must be able to recognize the species named. As a consequence our genus 
Staphylococcus had to conform to the first definition given above and include 
both coagulasc-positivc and congulasc-ncgativc fonns. While this definition is 
now generally acceptable we think that systematists, bearing in mind tlic 
importance of antigenic relationships, may ultimately adopt a definition closer 
to our second but with another criterion in place of coagulase, such as sensitivity 
to a poljwalent staphylococcal bacteriophage. 

Our genus Staphylococcus, conforming to the first definition, is divided into 
five species, whose differentiation is shown in the second schema (Fig. 2). 

Coagulase for human plasma is one of the most stable clmractcrs of .staphy- 
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lococci, and the primary subdivision is made on the production of this enzyme; 
all positive strains, irrespective of pigment, are named Staphylococcus pyogenes. 
Pigment production is regarded as ha%nng only secondary importance, and we 
do not recognize the varieties albus, aureus and ciirciis of the genus pyogenes. 
These varieties cut across the more stable characters such as antigenic structure 
and phage type. 

CoaguJase 


+ — 
pyogenes Colony colour 


Wiite Lemon yellow Cream or gold 

Mannitol cilrcus ' nuranliacus 


4 * — 

albtis cpidermidis 

Fig. 2. Differentiation of species within the genus Slaphylococctts. 

In the absence of better diiTerential characters pigmentation is of some use 
in the subdivision of the coagulasc-negative group, and we recognize the species 
aurantiacus and citreus on the ground of pigment alone. White-coloured strains 
are divided into two species by the fermentation of mannitol; our species 
cpiderinidis agrees largely with Andrewes & Gordon’s (1907) Staphylococcus 
cpidcrmidis-alhus and with Cowan’s (1938) Staphylococcus cpidermidis; to the 
mannitol-fermenting strains we have given the name Staphylococcus albus, 
which agrees with the species so named of Bcrgcy, Breed, Murray & Hilehtns 
(1939). 
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Further Observations on the Differential Inhibition of 
Coliform Bacilli and Rough Variants of Intestinal 

Pathogens 

By J. BRODIE axd W. SHEPHERD 
Deparlmcnt of Bacteriology, University of St Andrews Medical School, Dundee 

SUMMARY: The pattern of differential inhibition of Gram-negative bacilli of 
intestinal origin depends not only upon a synergy of bile salts and clcctroljdcs of the 
Hofmeister series but also upon aerobiosis and the nature of the surface upon which 
they are grovm (Brodie, 1948). Identical patterns of inhibition are obtained if 
shallow-layer fluid cultures are employed. The media under discussion possess lethal 
qualities winch appear to be modified by a process akin to adsorption and the results 
obtained vith soh'd media to depend in part upon the physical nature of the gel. 

Electron microscope studies suggest that bile salts alter the permeability of the 
cell-wall, facilitating the entry of electrolj'tes. The resultant swelling or disruption 
of cells c.vposed to bile-salt electrol^’le mixtures and subsequently to distilled water 
is a measure of their electroljdc content. The case with which organisms can be 
inhibited in the media seems to be directly related to their altered cell-wall per- 
meability. The observ'ations direct attention to physiological differences between 
rough and smooth variants of a single culture. They indicate that one factor upon 
which such differences depend is the greater permeability of the rough variant to 
clectroljde in the presence of bile salts. 

A further attempt has been made to elucidate the mechanism of differential 
inhibition in media containing bile salts and electrolytes. Brodie (1948) showed 
that agar and silica gels gave consistent results, whereas the efrcct of gelatin 
was less certain. Agar and silica gels on .setting e.vtriidc water by .syneresis 
wliercby their surfaces arc ‘wetted’, but gelatin gels may have a ‘dry’ surface. 
To obtain the requisite patterns of differential inhibition, a ‘avcI’ surface 
appears to be essential. Assuming that the fluid extruded by the agar and silica 
gels contains all the soluble constituents of tlic medium in their original 
concentrations, then it should be possible to reproduce the same patterns of 
inhibition by growing the organisms in corresponding fluid media. Further- 
more, if, as indicated by previous work, aerobiosis is essential, then only by 
exposure of the organisms in shallow-layer cultures should the differential 
eflect be obtained. Since the gelatin-containing medium remains fluid at 87'’, 
the behaviour of the organisms in the presence of gelatin in the fluid state along 
with the other constituents was also open for study. With the Sonne III 
variants the inhibitory mechanism shows a selectivity whicli is partly lethal 
and differs in degree for either variant. 


Media and technique 

Unless otherwise indicated, all inedia wcrc fluid and contained so<Iiurn 
tauroglvcoeliolate (British Dnig Houses Ltd., B.P.C. standard), scKliurn chloride 
and p'eptic digest of serum (Brodie, 1942). Each C ml. of complete medium 
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contained: 1*5 ml. peptic digest of serum; 0«C ml. of 5 % (w/v) sodium tauro- 
glycocholate; 0-0 ml. of 8*G% (w/v) sodium chloride; the requisite volume of 
electrolyte solution to give a known molar concentration; suHicient double 
glass-distilled water to bring the final volume to C ml. The reaction of all 
media was adjusted to pIl7‘C. Media were steamed for 80 min. before use. 
Where available, ‘Analar’ reagents (British Drug Houses, Ltd.) were used. 

Sufiicient of a 24 hr. agar culture to produce minimal visible turbidity was 
transferred on a chrome-iron w'iro loop to 9 ml. of sterile distilled water. After 
vigorous mixing, OT ml. of this suspension was thorouglily dispersed in a bottle 
containing 90 ml. of sterile distilled water; from this 0*5 ml. was inoculated 
into the tube (6 x J in.) containing the experimental medium. Thereupon 1 ml. 
from the inoculated tube was mixed in a Petri dish with 4 ml. of melted 
C.C.Y. agar (Gladstone & Fildes, 1940), ollowc<l to set and incubated for 24 hr. 
at 87®. The colony count at the end of this period was assumed to be the 
number of viable organisms/ml. of inoculated medium. All Petri dishes used 
had an internal diameter of If in. and an internal depth of | in. Further 
counts of the viable organisms remaining in the experimental medium were 
made in a similar fashion at intcn'als. Any departures from these methods arc 
noted in the text. 

Organisms studied. The organisms used were the same as in the previous 
work, namely: SR, a rough variant of a recently isolated Sonne III bacillus; 
SS, a smooth variant from the same parent strain; Cl, Bacterium coli communes 
from human faeces; C2, Backrium coli communius from human faeces; 
Al, Aerobacter sp. from milk; A2, Aerohacler sp. from water. 

Standard ‘patterns of inhibition^ The patterns of inhibition to which reference 
will be made arc: (a) ‘partial didcrentiatiou*, which means that SR, SS, Al and 
A2 grew but Cl andC2 failed to grow; (6) ‘complete dilTercntiation*, indicating 
that all strains, except SS, failed to grow. 


RESULTS 

Shalloxo and deep aiUures 

Having inoculated the 0 ml. tubes of media and prepared the viable inoculum 
plates, 1 ml. volumes were spread in Petri dishes to give shallow cultures. These 
were incubated for 24 hr. in air saturated with water vapour at 07®. The 4 ml. 
volumes remaining were left in the tubes and also incubated for 2t hr. al 87®. 
C!ounls were then made from both shallow and deep cultures. Partial and 
complete differentiations occurred only with the shallow cuUtircs. In the 
presence of 0*5 % tauroglycocholatc in shallow culture, partial dilTercnliation 
resulted withO’057 .m ammoniumcilmtc,0'0f*6ii potassiumcitratc^O lM sotUum 
citrate, 0*33m sodium sulphate and 0*53m .sodium chloride; and complete differ- 
entiation witli 0*3, 0*12, 0‘2, 0*398 and 0*00 concentrations of these .salts 
respectively. These molar concentrations arc identical will: tliosc rcquircti 
to produce the same differentiation on the surface of bile-salt agar media 
(Brodic, 1948). 
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the differential effects obtained on the surface of agar gels Avcrc not reproduced 
using gelatin gels. On this occasion we have failed to corroborate the previous 
findings with gelatin. At present wc cannot offer any explanation of this 
although both tests have been re])catcd several times. 


Vtability 

During the experiments Avith fluid media it was noted that, whereas the 
initial turbidities in the 9 ml. distilled water tubes were of the same approxi- 
mate densities, the counts made from the metlia varied markedly. This was 
most notable with SR, where some of the counts were nil. Distilled water and 


Table 1. Numbers of Sonne III rough (SJt) and Sonne III smooth {SS) variants 
survimng vi deep and shalloro cultures in peptic digest of scrum broth con- 
iaining 0‘5%(to/o) sodium chloride^ 0*5%(to/i») sodium iauroglycocholatc 
and various concentrations of sodium sulphate 


Deep culture iiftcr (min.) 'Shallow culture after (min.) 
Dhtillcd / - ■* V , ■ . . — ■ -I. 



Sodium 

Avoter 


sulphate 

control 

Strain 

(M) 

(0-15 min. 

SR 

0*33 

0000 

SU 

O'OOS 

0000 

SS 

0*33 

4000 

SS 

0 308 

4000 


0 5 10 15 

Counts 


1000 

60 

.30 

24 

300 

7 

0 

0 

2300 

1600 

1500 

1100 

1500 

1000 

775 

775 


0 5 10 IS 

Counts 


noo 

280 

80 

41 

430 

130 

40 

20 

2400 

2400 

2M)0 

2100 

2400 

2W0 

2100 

2100 


the media were therefore examined. The electrolyte used was sodium sulphalo. 
Suspensions of SR and SS were prepared as before and cacli inoculated into 
G ml. tubes of distilled water and also into bile-salt media containing 0*33 and 
0*398 M-sodium sulphate.' Counts of viable organisms were made immediately, 
and at 5, 10 and 15 min. intervals. The counts from tlic distilled water tul>es 
remained constant throughout the 15 min. period, but the two media exhibited 
lethal action. The experiments recorded in Table 1 indicate that the media 
exhibit a lethal effect ivhich depends on (a) the variant cxposctl, {b) the access 
of air and (c) the concentration of added electrolyte. We realize that, owing (o 
the susceptibility of rough strains to salt agglutination, the diminution in 
colony count with SR might be partly accounted for thereby. The suspensions 
were therefore prepared to contain relatively few organisms — 9000/ml. — to 
diminish spontaneous aggregation. Vicwc<l in relation to the findings as shomi 
by culture and obsers'ation with the electron microscope, the balance of 
evidence is that the medium was lethal. 

Relation of inocidwm io lethal effect 

It Avas decided to try the effect of adding known numbcis of SS cells to the 
metlium containing 0*398 m sodium sxilphatc and to test the metlium after 
each exposure for any alteration in its Ictlial effect. A batch of the fluid medium 
containing 0*5 % Iauroglycocholatc and 0-3DS M sodium sulphate was di\idctl 



*^8 J. Brodie and W. Shepherd 

into parts A and B. To part A, packed washed living SS cells were added to 
yield, as calculated by Brown’s scale, a concentration of 45,000 million 
organisms/ml. After thorough mixing and 5 min. exposure, the organisms were 
removed by high-speed centrifugation. The supernatant was collected, its 
volume measured, then heated at 6o for 4o min. to sterilize. This procedure 
was repeated but with a small dose of organisms, the number being determined 
by counting from distilled water, and the number of survivors after 5 min. 
exposiu-e to the medium counted. Finally, a third addition of organisms was 
made, similarly estimated and the effect of 5 min. exposure determined. Part B 
of the medium was treated in the same way except that all three doses of added 
organisms were small. 

Part A, after treatment with the massive dose of cells, was no longer lethal 
for the subsequent inocula: of 11,500 and 12,200 organisms/ml. added as the 
second and third inocula, 11,400 and 12,000/ml. survived the 5 min. exposures, 
a survivor rate of almost 100%. Part B, with initial inocula of G250, 14,000 
and 12,500 organisms/ml., jn'eldcd 3000, 10,000 and 9500 survivors/ml. 
respectively; survival rates of 48, 71 and 7G %. Part A, now rendered devoid 
of lethal effect for strain SS, was tested for lethal effect on SR and was found 
to be as lethal to SR as the untreated medium; this was cquallj' true in respect 
of 5 min. exposure and of 24 hr. exposure in shallow culture at 37° with initial 
inocula of 12,000/ml. in both. The possibility of salt agglutination must, 
however, be borne in mind. 


Ohscrcations tc'ith the electron microscope 

Preparations were e.xamincd with the electron microscope (.Aletrovick E.M. 2) 
at 50 kV. accelerating potential and a beam-current of 0-2 ma., employing 
minimum magnification which, with the length of specimen holder employed, 
was approximately GOOO diameters. Distilled water suspensions of SR and SS 
cells were made and e.xamincd after vacuum drying on collodion films. Tlic.se 
served as the basis of comparison-with the other preparations which were made 
bv suspending washed SR and SS organisms in 0-3 m and 0-398 M sodium 
sulphate bile-salt media for 30 min. at 37°, removing them by centrifugation 
and resuspending them in distilled water prior to examination as above. 

Photographs of preparations arc .shown on Plate 1. The SS strain after 
treatment as above is little altered (PI. 1, figs. 7-10). The SR strain after 
similar c.xposure (figs. 1-5). sliows marked .swelling and internal distortion willi 
0-33 M sodium sulphate -f- bile salt (fig. 4); with 0-398 .M sodium sulphate + bile 
salt all but a few arc burst, only the cell wall remaining (fig. 5). Exposure of 
these organisms to bile salt or electrolyte alone produced no such efrccts 
(fig.s. 2. 3). E.xposure of the coliform bacilli (fig. G) and the Aerohacter sp. 
(fig. 11) to bile salt-f0-39SM sodium sulpliate caused swelling and intenial 
distortion of these organisms simil.ar to that noted with the .SR strain treated 
w'ith 0-33 M sodium sulphate -r bile .salt. Throughout tliis investigation, the 
serological chanicters of the SR and SS strains were checked by aggluti- 
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EXPLANATION OP PL.\TE 

Electron micrograplis of strains SR, SS, C2 and A2 made from distilled water suspensions, 
either A, direct from agar cultures, or B, after exposure for 30 min. at 37" in fluid medium 

-=•' only, (3) 0 5% 

• . yeochoLile and 

• “ an figs. 1 ond 7. 

Fig. 1. Strain SR treated as A. Fig. 2. SR after B(l). Fig. 8. SR after n(2). Fig. 4. 
SR after B(8), spelling and internal distortion are evident. Fig. 5. SR after n(4), 
one organism shows swelling and internal distortion while the others arc burst, only 
their celhmcmbrancs remaining. Fig. 0. C2 after B(4), showing swelling and internal 
distortion. Fig. 7. SS prepared ns A. Fig. 8. SS after B{1). Fig. 0. SS after B(2). 
Fig. 10. SS after B (4), showing neither swelling nor distortion (cf. Fig. 5). Fig. 11. A2 
after 13(4) shows some swelling ond internal dbtortloo. 
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The Streptococci of Group D; the Serological Grouping 
of Streptococcus bovis and Observations on Serologically 
Refractory Group D Strains 

By P. :M. FRANCES SHATTOCK 
National Institute for liesearch in Dairying, Univcrsiti/ of Heading 

SUNDIARY: The concentration of the group-specific substance in hydrochloric 
acid extracts by precipitation wth ethanol has facilitated the serological identifica- 
tion of Streptococcus bovis and certain other serologically refractoiy- streptococci ns 
members of group D. The notorious difficulty of preparing potent group sera for 
Str. bovis was overcome by immunizing rabbits witli organisms shaken u-ilh an 
abrasive in a magnetic \ibrating machine. The rclationsliip of Sir. bovis to cerUiin 
other streptococci and the chemical nature of the specific substance of group D arc 
discussed. 

In a serological grouping of haemolytic streptococci from various sources Lancc- 
field (1933) placed in group D a small collection of streptococci isolated from 
cheese, and Sherman (1938) identified them by biochemical characters as 
Streptococcus zijmogcnes. Although Lanccfield’s classification was originally 
confined to haemolytic members of the genus, it soon became evident that 
many non-hacmobdic streptococci had group-specific substances in common 
with haemolytic varieties. 

It has been established that the intestinal streptococci. Sir. fnecalis and its 
variants zymogenes and liquefaciens, and also Str. durans fall into group D 
(Sherman. 1938; Graham & Bartley. 19.39; Shattock k M.attick, 19 13; Shattock, 
1945). 

On the other hand, Str. bovis, a Streptococcus conspicuous in cow-dung and- 
common in milk, has proved difficult to place serologically, although bio- 
chemically it is a well-defined species. Raffinosc-fermenting streptococci were 
early recognized as characteristic of the bovine intestine, and OrIa-,Tcnscn 
(1919) introduced the specific name, Str. bovis, on the basis of fermentation 
tests. The studies of .Astcs & .Mudge (192.3) on streptococci from bovine mouths 
and intestines and of Sherman & St.ark (1931) on streptococci growing at high 
temperatures have provided valuable additional infonnation on this species. 

Shemmn & .Stark (1931) .ascribed to .Str. bovis the following chanicteristics: 
blood not haernolyzed; litmus milk not reduced before curdling: growth at 
45' hut not at 10 or 50'; .arabinose, glucose, maltose, lactose, sucrose, railinose, 
starch and salicin. and sometimes mannitol and inulin fennented, but glycerol 
not; .ammonia not produced from peptone. Sherman (1938) .also observed that 
Str. bovis does not grow in the presence of 0-5 % XaCl or 0-1 nn-thylene blue 
nr at pH t'-O. .\lfho!igh Sherman (1937) recorfled that .Str. hovix survived 00' 
for 30 rtjin.. strains isolated in this laboratory and tfrsted by the technique 
descril>*ai h- re have consistently faihai to pass this test although tliey with- 
starai 00* for 15 min. t.SJiattock k ^lattick, 19f3j, 

Sir. lo'-ir L-is ns'-tiV of th.e characteri-ties of group D st.mptoeocei, but 
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nevertheless is readily distinguished biochemically from Str. faecalis and its 
variants, and some workers have preferred to separate it from the Enterococcus 
group. It has been reported (Sherman, 1938; Shattoek, 1944) that whereas 
many strains of Str. boms give negative or equivocal results with the usual 
Lanceficld technique, about 50 % react clearly with group D sera. In a pre- 
liminary note Shattock (1948), on serological grounds, assigned Sir. boz'is to 
group D, and experimental details establishing the serological identity of 
Str. bovis are presented here. 

In addition to Sir, bovis, streptococci arc frequently encountered having 
cultural reactions similar to, and sometimes identical with, the species within 
group D, but which fail to react with potent group D sera. For some years 
such equivocal strains have been collected from a v'aricty of sources. The 
serological grouping of these strains is also dealt with in this paper. 


MATERIALS AND METHODS 
Biocheniical and cultural methods 

Haemolysis. Bro\\'n’s (1919) technique was followed using, instead of a veal 
infusion base for the horse-blood plates, a nutrient agar consisting of 2 % agar, 
1 % Evans’s peptone, 1% Lemeo and 0*5% NaCl. 

deducing properties. Complete or almost complete reduction of litmus milk 
in 24 hr. at 07® was recorded ns ‘strong reduction*. 

Gelatin Uquefacthn. Stab cultures wore incubated at 22® and read after 
14 days. 

Carbohydrate fermentations. Peptone water containing 0’5 % of the lest 
sugars, added after sterilization, with litmus os indicator, were inoculatetl with 
1 loopful (4-0 mm.) of an 18 hr. broth culture, and incubated at 37®. Results 
W'erc read after 6 days’ incubation. 

Groxeik at 45®. Tubes of glucose (1 %) I/jmco broth seeded with 2 ioopfuls 
(4*0 mm.) of an 18 hr. culture were incubatctl in a water-bath at 45 + 0*1®. Tubes 
were examined for growth after 24 hr. 

Growth at pH 9*0. The buffered liquid medium described by Shattock 
& Hirsch (1947) was used. 

Survival at G0° for 30 min. Two Ioopfuls (4-0 mm.) of an IS hr. culture were 
inoculated into tubes of glucose (1%) Lemeo brotli held in a water-bath at 
CO + 0*10® for SO min., cooled immediately, incubated at 37* for 2thr. and 
examined for growth. 

Serological methods 

f?oidi»c preparation of antisera for group D. The preparation of potent sera 
for group D is notoriously troublesome. As ^Yilh other Lnnccficld groups tlic 
choice of immunizing strain is important. Over a period of years many strains 
of all species witliin group D have been used for this puri>ose, and, though 
group sera have been prepared successfully from all the established species and 
variants within the group, a strain of 5ir. durans (98D) kindly supplied by 
Prof. Sherman lias so far produced the most coivsiUcntly potent scrum. Thongli 
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it is possible to produce a group D serum with formalin or heat-killed organisms 
a more reliable method is that of Shattock & IMattick (1943) using acetone- 
extracted ground organisms. The 24 lir. growth from 4-5 1. of glucose Lemco 
broth, incubated at-37°, is centrifuged, the organisms resuspended in approxi- 
mately 100 ml. acetone and extracted at room temperatm-e for 4-5 hr. in 
a mechanical shaker revolving approximately 70 times/min. The acetone is 
discarded and extraction once repeated. The extracted organisms arc dried in 
vacuo over PoOg and finally ground in a ball mill until microscopic examination 
shows that very few intact cocci remain. The resulting powder can be stored 
indefinitely in a vacuum desiccator over PoOg at room temperature. One batch 
of powder stored for 3 years still induced potent group D sera, and a good 
group N senun was obtained with a similar preparation 9 years old. 

For injection the powder is suspended in 0-85 % NaCl to give an opacity 
equivalent to Brown’s tube no. 7 (Burroughs Wellcome and Co., Red Lion 
Square, London, W.C. 1). Rabbits are injected every 3-4 days starting with 
0-25, 0-5 and then l-O ml. dosjs. It is well known that the individual rabbit 
response varies enormoush’^ and a potent specific group serum may be ])ro- 
duced after G-8 injections, but more often it is necessary to give two or tlirec 
series of injections before a satisfactory serum is obtained. A rabbit whicJi 
responds well is invaluable and may be rested, given one or two boosting 
injections and bled at intervals imtil eventually non-specific antibodies make 
their appearance. One rabbit was a source of potent and specific group D 
senim for 3 years. Specificity and group antibody potency are checked and 
sera are stored in the cold without presen'ative. 

Although this technique has been verj’ satisfactory for the routine pro- 
duction of group D sera and has been used successfully with Str.faccalis and 
its variants, and with Sir. diirans, it has not proved suitable with Sir. hovis. It 
was thought that the comparatively long grinding in a ball mill might destroy 
the group substance, apparently present only in small amounts in Sir. bovis, 
and other methods of rupturing the organisms were accordingly tried. 

Preparaiion of group sera for Str. bovis. Strains of Sir. hovis were grown for 
24 hr. at 37° in glucose Lemco broth, the organisms removed by centrifuging 
and resuspended in 0-85 % NaCl to give an opacity equivalent to Brown’s tube 
no. 10. Ten ml. of the suspension were then transferred to a cylindrical glass 
vessel of 20 ml. capacity containing 0-.3-0-5 g. washed and sterilized carbo- 
rundum (grade 100). The vessel was shaken in a magnetic shaker (.Mickle, 1948) 
having a frequency of 50/sec. and an amplitude of c. I in. Suspensions of the 
three strains of Sir. bovis and of Sir. durans OSD became virtuallj’ sterile when 
shaken in this way for 90 min. 

Sera were first prepared by giving, at .3— 1-day intcrwals, four gratled injections 
of formalin-killed suspensions followed by three 1 ml. doses of organisrns .shake/i 
with carbonjndurn for CO min. and freshly j)rcpared for each injection. In 
a second experiment with the same strains of Str. boi-is the preliminary 
injections with foniialin-killed suspensions were omitted. Potent group sera 
were pn>Juced by giving, at intcnmls of .3-1 days, four 1 ml. doses of organisms 
shaken v.'itli carborundunj for 90 min. and freshly prepared for each inoeiila- 
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tion. In both experiments the group D strain. Sir. durans 9SD, used in this 
Inhoratory for the routine production of group D sera, rvas included as a control 
and by both treatments potent and specific group D sera were obtained. 

Exiracls. Of the various methods of extraction tried (Shattoek & Matticfc, 
1943) Laneefield’s (1933) technique gave the most reliable results for group D. 

Group D cocci are grown in 50 ml. glucose Lemeo broth at 87°, preferably 
for 48 hr.; the extra 24 hr. incubation results in more potent extracts. The 
centrifuged organisms are extracted for 10-12 min. in a boiling water-bath 
with 1*5 ml. 0*05 X-HCl made up in 0-85 % NaCl, and neutralized with little 
delay; extracts stored overnight in the ice-chest before neutralizing may* 
deteriorate considerably. In our experience the deterioration of the group- 
specific substance by* storage in weak acid is not a characteristic of other 
groups; imneutralized HCl extracts of group B can be stored at room tem- 
perature overnight u*ilhout losing potency*. 

For some reason not fully* understood, HCl extracts of group D streptococci 
are very scnsiti\*e to slight differences in thcir.prcp.arntion. Different brands 
of peptone vary* greatly* in theirsuitability*. With some peptones, though growth 
is good, extracts are cloudy or opalescent and unsuitable for ring tests. Evans’s 
peptone (Evans Medical Supplies Ltd.) proved the most reliable brand for 
this work. 

Mention has already* been made of the difficulty*, even with potent group D 
sera, of grouping many of the streptococci having cultural and biochemical 
reactions very similar to, or even identical with, the various members of 
group D. Sir. bovis in particular has proved troublesome. The failure of these 
strains to give potent HCl extracts is not necessarily associated with weight 
of growth, and it was thought that these refractory* strains might be poor in 
group substance. 

Lanceficld (1928), working with group A, separated the protein-type .sub- 
stance from the carbohydrate group substance by precipitation with ethanol 
and concentrating the group substance in the supernatant fluid. Following 
this technique with HCl extracts of typical group D strains, it was unexpectedly 
found tluat ethanol precipitated both the tyq>c and group substances, while 
the supernatant apparently contained no serologically precipiLablc material. 
Prelimin.arv svork indicates that the group-specific substance in these strains 
is a protein, and if this is confirmed some of the difficulty in dealing with 
refractory group D strains may* be explained. Foley & Wheeler (19t5), in 
dealing w’ith strains from pathological sources found that of four group D 
strains of different serological tyqrcs the group substance svas of a protein 
nature in three and earbohydnate in one, but they did not discuss this anomalous 
obscn*ation. 

The precipitation of the group substance from HCl extracts by ethanol 
provided a routine methoel for dealing with refractory strains. If HCl (Lance- 
ficld) extracts do not react with group D sera, the c-xlraets after the addition 
of 4 s*ol. ethanol are allowed to stand overnight in the ice-chest (a small crystal 
of sodium acetate facilitates precipitation). The resulting precipitate from 
1-5 ml. of HCl extract is svcll mixed with O-.t-O-S ml. of 0*8.7 % saline, and the 
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small quantity of insoluble material removed by centrifuging. The clear super- 
natant (fraction A) contains the concentrated group substance and may be 
used for the precipitin test. The specificity of fraction A prepared from many 
strains of group D has been checked against sera for other groups, and similar 
ethanol precipitates from strains of other groups (including group N and 
Sir. ihermophilus) consistently failed to react with group D sera. 

Precipitin test. A small quantity of scrum is introduced with a Pasteur 
pipette into a tube with an internal diameter of 3 mm., the extract is layered 
on top and allowed to stand at room temperature. The junction of the two 
fluids is examined for ring formation against a standard diffused light. With 
a very potent serum the reaction takes place in a fcAv seconds, but 10-15 min. 
may be required Avith a weak serum. Each batch of scrum Avhen harvested is 
tested for approximate reaction time against a selection of group D strains of 
difierent serological and biochemical t>q>es, and the reaction period for un- 
knoAvn strains is arranged accordingly. A scrum giving a well-defined ring 
within 5 min. is satisfactory. 

Absorption tests. Organisms for absorption are grown in glucose Lemeo 
broth at 37° for 48 hr. The cells are centrifuged off, washed once in 0-85 % NaCI, 
resuspended in saline to give a density equivalent to 10 times Brown’s opacity 
tube no. 10, killed by heating at G0° for GOmin, and then packed by centrifuging, 
lllien suspended in undiluted antiserum the absorbing suspension has 50 times 
the opacity of BroAvn’s tube no, 10. Absorption was carried out at 37° for 
1 hr., followed by refrigeration overnight before removing the cocci by 
centrifuging. The absorbed sera are tested for precipitins by tlic ring test 
and the results checked by Lancefield’s (1033) tecliniquc witli various dilutions 
of extract, reading the reaction after 2 hr. at 37° and after standing in the 
ice-chest overnight. 


RESULTS 

T/ic serological grouping o/Strcptococcus bovis 

Reference has been made to difficulties in classifying Str. bovis. Although some 
affinity with group D streptococci has been recognized, IICl extracts of typical 
strains of Sir. bovis have often given anomalous results with sera for group D, 
By concentrating the group substance in fraction A, refractory strains of 
Sir. bovis will react Avith a group D scrum. At least forty-five strains having the 
biochemical characteristics of Str. bovis were examined hy this technique, and 
none failed to give a clear-cut specific reaction with group D sera. 

Group-specific sera were prepared against two strains of.S7r. bovis, ‘Pe.nr! 11 ’ 
and ‘Ro'^alie 20 isolated from cow-dung and having the typical species 
characteristics. Tliat sera produced from these strains of Str. bovis <iifl possess 
group and not merely typo antibodies Avas dernonstralcd by their yirecipil.alion 
Avith extr:!cts of tAAX-ivc heterologous group D strains comprising at least three 
distinct serological tA'pes AA'itliin group D. They Avere: Slr.faecnlis, Ia'.'o strains; 
var. z'.nnoZcncs, four strains; var. liquefaciens, tAvo strains; Sir. durans, tAA'o 
strains and Sir. bovis, two strains. The specificity of the sera Acas establislicd 
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by testing against HCl extracts of representatives of each of the Lancefield 
groups A-N and ■with a strain of a Staphylococcus rich in the non-specific 
nucleoprotein fraction common to all streptococci and staphylococci (Lanco- 
field, 1925). 

, Heciprocal absorption tests 

The serological identitj^ otSir. boots with group D was confirmed by reciprocal 
absorption tests with the sera for *S'/r. bovtsand sera prepared from the strain 
of Sir. durafts used in this laboratory for the routine production of group D sera. 

Absorption of a group 1) serum unth Str. bovis. A potent and specific group D 
serum prepared against Str, durans 98D was absorbed with tlirce strains of 
Str. bovis: ‘Pearl 11’, ‘Rosalie 20’ and ‘Campion 11’. The absorbed sera were 
tested for group D antibodies with an extract o^Sir.faccaUs*Cam\ G’, which 
was chosen as being of a different serological type from the group D strain OSD 
and for this reason unlikely to confuse the issue by reacting with tj'pc antibodies. 


Table 1. Absorption of group D antibodies by Streptococcus bovis 

Group D serum 

Absorbed 


Extract 

Str.faecalis *C ond G’ 
Sir. bovis ‘Pcorl 11’ 
Str, bovis ‘Rosalie 20’ 
Str, bovis ‘Campion 11’ 


Unabsorbed ‘Pearl 11* 

+ - 
+ 


‘Rosalie 20’ ‘Campion 11* 


Precipitation was obsen’cd as ring tests and confirmed by incubation of 
various concentrations of extract against the same vofumc of serum (Lance- 
field, 1933). Results summarized in Table 1 show that group D antibodies were 
completely absorbed by all tlircc strains of Str. bovis. In a parallel control test 
a group B streptococcus failed to absorb any antibodies. 

Absorption of Str. bovis sera ivith group D streptococci. Sera prepared against 
‘Pearl 11 ’ and ‘Rosalie 20’ were absorbed with Str. faccalis 775 and Str. durans 
OSD, and the absorbed sera tested with an extract of tlie group D strain 
Str.faccalis var. zymogenes ‘Black*. Again there was complete absorption of 
group antibodies (Table 2). A control absorption test with a group B Strepto- 
coccus was negative. 

Table 2. Absor})fion of group sera for Streptococcus bovis 
by yroup D streptococci 
Scrum ‘Pear! 11* Semm ‘Rcwalle 20* 

Alxorbcd AbM>rbcd 

Kxlnict UnnIi'OrlK-d T?5 PSD Unnl>.otM 7TJ PSD 

Sir. faeeftli^ s*ur. + — “ 

symo/jfHfs ‘IMack’ 

Slr./aeealis 

Str. diiram 08 U 4* — — 4- — 
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Serological experiments with refractory group D streptococci 

Reference lias been made to streptococci resembling, biochemically, the 
recognized species and variants ivithin group D but -which fail to react with 
potent group D sera by the usual Lanceficld technique. The technique used to 
make potent fraction A extracts of Str. bovis was applied to a collection of 
these aberrant strains isolated from human faeces, cow-dung, gut of fly, water, 
cheese and dried egg. 

Table 3. The physiological characters of group D strains reacting with 
concentrated extracts {fraction A), but not icith crude HCl extracts 


Species or variants 

Slr.faccalis 

Str. faccalis variants 

Str.faccatis ^•ar, Uqucfaciem 
Str, faccalis var. zipnogcncs 

Str. durans 

Str. bovis 

■ Unclassified 


Total 

Table 3 gives the cultural characters of seventy-six such strains which 
consistentlv failed to react with potent group D sera by the usual Lanceficld 
tecliniqne but which all clearly precipitated when the group substance was 
concentmted (fraction A}. 

Wmr •;a< specific names can be assigned to tifty-tv.'o of these strains the 
rcrnaininiT twenty-four, in accordance with opinions {ireviously expressed 
(Shattc-'sk. 10 55), arc listed as unclassified. It is of interest tluit other strepto- 
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■ cocci with the cultural characters of the unclassified strains in Table S, but 
which could be readily grouped without recourse to fraction A, have been 
frequently encountered. This lends further support to the serological assignment 
of such strains to group D. 

Without a large-scale statistical survey it is not possible to assess the pre- 
valence of group D strains with an apparent deficiency in group substance. The 
seventy-six strains described here were collected over a period of years and 
retained because they could not be grouped by the accepted serological 

Table 4. J^umhers of group D strains from infant faeces reading as 
fraction A only, compared with those reacting as crude HCl extracts 


No. of strains renctinff with 
group D sera 


Species or \’atiants 

No. of strains 
tested 

M IICI 
extracts 

As fraction 
A only 

Sir. Jaecalii 

12C 

118 

8 

Sir. Jaecalis var. Uquefaciens 

4fi 

43 

3 

Sir. faecalis ztjmogenes 

24 

22 

2 

Sir. durans 

3 

3 

0 

Sir. bovis 

30 

20 

10 

Unclassified 

31 

21 

10 

Total 

2C0 

227 

33 

Percentage 


87-3 

12-7 


methods. Some indication of the incidence of such strains among group D 
streptococci from one source, infant faeces, is given in Tabic 4, for which I am 
indebted to Miss M. E. Sharpe of this laboratory. Of 200 strains 12*7% were 
grouped only by recourse to fraction A. There were no strains having bio- 
chemical properties resembling members of group D which could not be 
classified. Some further information on this point is furnished by Mattick 
& Shattock (1943). In an investigation on the numbers of group D streptococci 
occurring in English hard chccsc it was found that of scvcnly-six cultures 
isolated from Cheddar cheese by a selective technique, and ha\'ing the bio- 
chemical characters of group D streptococci, ten (13%) failed to precipitate 
with potent group D sera by the usual I^anccficld technique. Four of the 
aberrant strains were kept and have since given definite reactions with 
group I) sera, using fraction A as antigen. 

DISCUSSION 

In a review of the streptococci, Sherman (1937) placed Sir. botis with Sir. 
salharius, Str. cqitinus and Str. thermopkilus in what he termed tlie ‘vmdans 
group’. Schottmullcr (1903) suggested Str. viridans as a name for strepto- 
cocci giving zones of green discoloration on blood agar. This projicrty, now 
known to be due to the production of hydrogen peroxide, is shared by many 
species of streptococci belonging to various serological groups. The apjihc.ation 
of the term ^viridans' to a collection which includes a proportion only of the 
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hydrogen peroxide forming species and also contains a species, thermopkilm, 

which is inert on blood agar, is unfortunate- 
Biochemically Sir. salivarius bears a marked resemblance to Sir. bovis. 
However, the fermentation of starch and arabinose by Sir. bovis', its higher 
maximum temperature for growth and its greater tolerance of bile serve to 
distinguish it from Sir. salivaritis. It is not proposed to discuss in detail the 
differentiation of these two species, as it has been fully described by Sherman 
(1937) and by Sherman, Niven & Smiley {194<3). In addition to biochemical 
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studies they prepared type-specific sera for Sir. salivarius but were unable to 
demonstrate any group relationship with group D. It is of interest to note that 
in this laboratory also no evidence of any serological affinity between Sir. 
salivarius and group D has been obtained. Concentrated extracts prepared 
1 from strains of Sir. salivarius gave no reactions with potent group D sera. 

The preparation of specific group sera from typical strains of Sir. bovis 
unequivocally places it with other intestinal streptococci in group D, though 
it is clearly a distinct species within the group, being distinguished from the 
other members by the tests sho^vn in Table 5. 

Mention must be made of two other species of streptococci which have been 
erroneously associated with group D. 

Sir. uberis, an inhabitant of the bovine vagina and occurring frequently in 
normal milk, is also associated with a form of bovine mastitis which is usually 
sporadic but which may assume epidemic proportions. Sir. uberis has some of 
the cultural characteristics of group D streptococci, and Smith & Sherman 
(1942) have in fact included it in group D. Its serological grouping has, 
however, not yet been satisfactorily defined, although it is undoubtedly physio- 
logically and antigenically related to group E (Little, 1939; Plastridge & 
Williams, 1939). The serological affinity of Sir. uberis to members of group E 
has been confirmed in this laboratory by Jacob (1947). He investigated the 
physiological and antigenic characters of 123 strains of Str. uberis isolated by 
various %vorkers and found that though they were closely related to group E 
there was no evidence of any relationship with group D. The group-specific 
substance of Sir. uberis was not precipitated from HCl extracts with ethanol. 
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unlike group D streptococci, whilst Fuller’s (1938) method of extraction gave 
better results than did Lanccficld’s extracts. 

Sir, ihermophilus is another species which has yet to be grouped. Although 
its high maximum growth temperature of 47-50® may suggest that it is of 
intestinal origin there is no evidence in support of tliis. It is often found in milk 
and milk products, particular!}* those that have been pasteurized, but it has not 
been reported from human or animal sowces. Abd-El-Malck & Gibson (1948), 
in a study of streptococci from pasteurized milk, grouped Str, bovis and Str. 
thermophihts together on biochemical grounds and suggested that they were 
closely allied. The sensitivity of Str. thennophUits to bile, its inability to ferment 
a large number of carbohydrates, and its characteristic pleomorpliic mor- 
phology clearly distinguish it from Sir. bovis. As yetiS'/r. ihennophilus has not 
been grouped serologically, although typing sera have been prepared in this and 
other laboratories (Zollikofer & Janaik, 1944). One fact has been established 
in this laboratory: it bears no antigenic relationship to group D nor does it 
precipitate with sera of any of the groups A to N. 

It is appropriate to discuss briefly the present position of group D strepto- 
cocci in relation to each other, as some confusion of nomenclature is .still 
apparent in recent literatvure. Evans & Chinn (1947), in a paper on the ‘Entero- 
cocci with special reference to their association wth human disease*, divided 
their collection of group D streptococci on the basis of cultural tests, suscepti- 
bility to two strains of phage, and agglutination tests apparently carried out 
with unabsorbed sera. They found that the type of haemolysis and liquefaction 
were unrelated to other characteristics and suggest that their main group of 
seventeen strains, comprising cultures having the properties of Sir, faccalis, 
Str. faecalis var, liqtiefaciens and Str.faecalis var. zyrnogcncs, should all be 
included under the name Str. zymogenes ns having prior claim to specific name. 
Str. zymogenes was originally described as Micrococcns zymogenes by iiraeCalliim 
& Hastings (1899), but the study of colonial appearance on blood agar was at 
that time yet to be introduced, and their admirable description might equally 
well }m\*e applied to Str. faecalis rnr. liquefaciensj iilentificd by Orla-Jcnscn 
(1919) with the Micrococcus casci amari of Frcudcnreich. It is of interest to 
note in this connexion that non-hacmolytic jirotcolytic strains have been 
associated with pathological conditions (c.g. Elscr &' Thomas, 1980). Tlic 
specific name Streptococcus faecalis, introduced and clciirly defined by Andrewes 
& Horder (1900), has been accepted and iU description cxtcndetl by recognizc<I 
authorities in more than one field (c.g. Dible, 1921 ; Sherman, 1038). To discard 
this well-established name at this stage would merely cause confusion where 
some order has been established. Although the close relationship of Str.faecalis 
to the proteolytic and haemolytic enterococci is fully appreciated (Sherman, 
Stark &Maucr, 1937), and nltliough it is recognized (Shattoefc .Ifnttick, 1043; 
Elscr & Thomas, 1930; Sharpe, 1948) that Imcmolysis. or even proteolysis is 
not fundamentally associated with antigenic pattern, no useful purpose voultl 
be served at present by discarding the names liquefneitns and zymogenes i\% 
varieties of the central tnic. Information on tlic type scrofog}' of group 1) is 
insufficient for practical use at present, but doubtless it is only a question of 
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time before a serological division similar to that worked out for group A will 
enable significant and fundamental distinctions within group D to be made. 

It is acknowledged (Shattock, 1945), and has been demonstrated again in 
this paper, that there are no clear-cut lines of demarcation between the various 
species in group D, but certain well-defined members may be identified and 
Sir. bovis has now been added to their ranks (Table 5). If specific names are to 
retain any significance, aberrant strains should be described as belonging to the 
serological group and their cultural characters recorded until more precise 
(e.g. serological typing) information becomes available. In this connexion, 
particularly where growth under certain specified conditions is observed. (e.g. 
Shattock & Hirsch, 1947); the necessity of adhering strictly to a uniform 
technique cannot be emphasized too strongly. 

Group D specific substance. The concentration of the group-specific substance 
by precipitation from HCl extracts with ethanol not only gives a method of 
grouping refractory strains but also raises the question of the nature of the 
specific substance of group D. It has been assumed, apparently by analogy 
with groups A, B and C (Lancefield, 1940-1; Wilson & Miles, 1946), that the 
group-specific substances of the Streptococcus groups A-N are all complex 
carbohydrates. Preliminary work in this laboratory based on crude fractiona- 
tion and colour tests, however, indicates that the group-specific substance of 
D is probably protein. This agrees in part with the work of Foley &- Wheeler 
(1945), who, as already noted, found that in some group D strains the group- 
specific substance was protein. Their finding of a carbohydrate group-specific 
substance in another strain, however, is not easy to understand. That there 
should be within the same group so-called group-specific substances of totally 
different chemical nature seems to conflict with the criterion on which the 
grouping of the streptococci is based. Whether the substance be protein or 
carbohydrate is immaterial, but the use of the term ‘group-specific’ to a 
bacterial component should imply that it is common to all members of the 
group. More precise information on the chemical nature of the group-specific 
fraction of group D would doubtless help to explain the unusual difficulties 
encountered in serological studies on this group. 

I wish to thank Dr A. T. R. Mattick for his interest in this work, and Mr L. JG. 
Newland for technical assistance. 
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Observations upon the Cytology of Corynebacteria 
and Mycobacteria 

Bv K. A. BISSET . 

Dej)ariment oj Badcriohgtjy UniversUfj of Birmingham 

SUMMARY : Bacilli in young cultures of Corynebacteria and Mycobacteria arc 
multicellular. The individual cells are almost spherical, and a single bacillus may 
contain from one to twelve or more units. Reproduction may take place by division 
of the constituent cells, followed by simple fission of the bacillus, or alternatively by 
fragmentation into single cells which subdivide without separating, and grow into 
multicellular bacilli once more. The latter phenomenon may account for pre\'ious 
descriptions of life cycles in these genera. 

The nuclear units arc small, spherical granules, resembling those of some species 
of cocci. The characteristic moiphology of Corynebacteria and Mycobacteria is an 
artefact, resulting from drying and beat-fixation. These genera do not appear to 
possess any morphological cliaractcrs in common with the true Actinomyces, with 
which they are at present classified. 

In the study of the morphology of the Corynebacteria great confusion has been 
caused by attempts to interpret the appearance of Coryncbactcrium diphthrriar 
when stained by the various diagnostic methods which have been employed in 
routine work. It is not proposed toattempt toreview the literature on the nature 
of the metachromatic granules w'hichhns accumulated in tlic last 50 years, most 
of which ignores the fallacy of attempting to base cytologica! conclusions upon 
the evidence of heat-fixed material. Various members of the group have also 
been described as ‘barred’ in appearance, and it is the opinion of the author 
that these two characteristics have often been confused. In the Mycobacteria 
also, both granulesandbarringhavcoftcnbccn described. Porter &Ycginn (1015) 
haveshown that the granulcsinMj/co&ncfcrnimtiibcrcwlosisatcstaimngancfacts, 
and have also demonstrated chromatinic bodies in this organism, by Robinow's 
method. Bricgcr & Robinow (1047) have confirmed this latter obscr\*ntion in 
the avian type of bacillus. Discrete Fculgcn-posilivc granules Imvc also been 
observed in M. tuberculosis by Epstein, Ravich-Birger & Svinkina (lOfiC). 
Bricger Sc Robinow (1947) tried to demonstrate the transverse septa whicli 
consideration of its morphology led them to expect in this organism, but failed 
to do so. In the present paper it is intended to show that these septa do in fact 
exist. They also appear quite clearly in an electron microgniph by Bricgcr, 
Crowe Sc Cosslctt (1947), although their presence is not commented upon in the 
text. The similar multicellular structure of C. diphtheriae is demonstrated by 
Burdon (194G) in drawings intended to illustrate the lipid content of the 
organism. 

jllflfmaZs and methods. The Inactcria employed were freshly isolated strains 
wherever possible, and were grown upon routine culture media. Preparations 
Were stainc<l bv Robinow's (19 45) molbods for nuclear materials and cell walls. 
Wet preparations were used throughout. 
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Observations 

A large number of preparations were made from eight strains of C. diph- 
theriae (four gravis, two mitis, two intemiedius) isolated from routine throat 
swabs. When stained by Neisser’s stain these showed the characteristic mor- 
pholbgy of the species, with obvious metachromatic granules (PI. 1, fig. i). 
When stained by tannic-acid-violet, they appeared much larger and were seen 
to consist of from one to six or seven almost-spherical cells (PI. 1, fig. 2). 
Acid-Giemsa preparations showed that each cell was occupied by strongly 
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Fig. 1 



Fig. 2 


Fig. 1 . Mycobacterium or Corynebacterium. Alternative inodes of reproduction. Above. 
Division of bacillus preceded by multiple cell division. Below. Fragmentation and 
regeneration from individual cells. 

Fig. 2. Corynebacteriuvi diphtheriae. A. Interpretation of actual morphology. B. ‘Typical’ 
morphology as produced in fixed, dried preparations. Note the effect of shrinkage. 


stained protoplasm containing a small central granule (PI. 1, figs. 3, 4). Other 
Corynebacteria of human origin, which did not exhibit metachromatic granules 
when stained by Neisser’s stain, showed tlie same cytological appearances 
(PI. 1, figs. 5, 6). These included two strains from the nasal passage and two 
from the vagina. The granule divided before the cell, and its appearance was 
very similar to that of the nuclear granules which have been reported in some 
cocci (Knaysi, 1942; Bisset, 1948). These appearances were best seen in young 
cultures; after 18 to 24 hr. growth they became difficult to stain. 

Two methods of reproduction appeared to occur (Fig. 1). Division of the 
bacillus was sometimes preceded by cell division, producing a stage with a large 
number of small cells which then divided into two normal bacilli. Alternatively 
the bacillus was sometimes observed in the process of fragmentation into its con- 
stituent cells, from which, by growth and cell division, the bacilli were reformed. 
These two methods of reproduction occurred simultaneously in a single culture. 

The IMj'cobacteria which were examined were stock cultures of M. tuberculosis 
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(cold-blooded) and M. phJei, and one newly isolated strain of il/. iuhercuhsh 
(human). All were difficult to stain; but a preliminary’ treatment with warm 
70 % ethanol rendered them more readily stainable. The resemblance of their 
cytological structure to' that of the Corynebacteria was very great (PI. 1, 
figs. 7-10). The tubercle bacilli also consisted of one to twelve or more small 
cells, each containing a chromatinic granule, although the latter, because of its 
small size, was difficult to resolve. 


DISCUSSION 

The ‘characteristic morphology* of C. diphtheriae appears to be an artefact. 
The barred appearance of this species, and also of the tubercle bacillus, in 
dried, heat-fixed films, is due to slirinkage of the individual cell-contents away 
from the cell ^vall, producing gaps betw'een them (Fig. 2 ). The nictacluomatic 
granules are probably mere condensations of stainable material witliin the 
dried cell. The present study’ has not attempted to add to the already’ con- 
siderable mass of contradictory evidence upon the nature of the material of 
which these metachromatic granules are composed. They do not correspond to 
the nuclear granules, as these are present in other ty’pes of Corynebacteria 
which do not exhibit metachromatic staining. It is probable, however, that the 
metacliromatic material accumulates around the nuclear granules, as indicated 
in the diagram. 

Some of the life-cycle theories which have been suggested in the tubercle 
bacillus may well be based upon obscia’ations of a system of reproduction 
involving fragmentation of the bacilli into their constituent cells. This multi- 
cellular structure has also a bearing upon reports of true branching in these 
genera. None of the strains examined possessed a cytological structure re- 
sembling that of the sporing Actinomy’ces as described by Kliencbergcr-Nobcl 
(1947), in which the individual cell is branched. Nor do the branching tubercle 
bacilli illustrated by Bricgcr &, Robinow (1917) appear to possess such a 
structure. There seems little morphological basis for the bclicr that the ‘higher 
bacteria’ arc related to tlic true Actinomyces. 
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EXPLANATION OF PLATE 

Fig. 1. C. diphtheriae (gravis), Neisser’s stain, x 3000. 

Pig. 2. C. diphtheriae (gravis), tannic-acid-violet, x 3000. 

Pig. 3. C. diphtheriae (gravis), aeid-Giemsa. x 3000. 

Pig. 4. C. diphtheriae (intermedins), acid-Giemsa. x 3000. 

Fig. 5. Corynebacterium sp. (human vaginal origin), tannic-acid-violet, x 3000. 

Pig. 6. Corynebacterium sp. (human vaginal origin), acid-Giemsa. x 3000. 

Pig. 7. M. tuberculosis (human), acid-Giemsa. x 3000. 

Pig. 8 . M. tubercidosis (cold-blooded), acid-Giemsa. x 3000. 

Pig. 9. M. tuberculosis (cold-blooded), tannic-acid-violet, x 3000. 

Fig. 10. M. phlei, tannic-acid- violet, x 3000. 

(Received 23 April 1948) 


Addendum (17 November 1948). In the 1948 edition of Bergey’s Manual 
of Determinative Bacteriology (6th ed. Baltimore: Williams and Wilkins) the 
Corynebacteria are separated from the Mycobacteria and placed with the 
Eubacteria. The cytological findings in the present paper are even more at 
variance with this classification than with that in the 1939 edition. 
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aiATERIAL AND IVIETHODS 

For an adequate titration it is essential to be able to varj^ both the serum 
dilutions and the antigen dilutions in a ‘chess-board’ experiment. Such tests 
demand a large number of tubes as well as considerable volmnes of reagents. 
When either of the reagents is anticomplementary in the zones in which the 
titration must be conducted, it becomes also necessary to vary the complement, 
and it is impossible to make such a test without splitting every experiment into 
a number of orientating approaches so that the final test is a selection of the 
variables designed to give the maximum information with a reasonable mmiber 
of tubes. In order to be able to carry out spaciously conceived tests without 
this wearisome preliminary orientation, we have designed a complement- 
fixation test so that the reaction is carried out not in tubes, but in drops on 
Perspex sheets. 

AjjparaUis 

Perspex sheets. The Perspex sheets were 16 in. square and in. thick. The top 
surface of the sheet was engraved with a centrally placed grid of 144 in. 
squares in 12 rows of 12. The rows of squares were numbered along the left- 
hand margin 1 to 12 from top to bottom, and the columns were numbered 
along the top margin from left to right ato n, omitting i and 1. Twelve such 
plates were made, and each was marked with a letter^ toL inclusive(Pl.l,fig. 1). 

Rack. A rack was constructed to hold these twelve Perspex sheets in the 
horizontal position. It was made of laminated bakelite and brass tubing, stood 
on brass legs 2 in. long and had a carrying handle at the top. The Perspex 
sheets could be slid on to their narrow supporting shelves and were held in. 
apart. The sheets were held in position by inserting a metal rod (PI. 1, fig. 2). 

Boxes. Two identical boxes were made of sheet brass to accommodate this 
rack. They were constructed with a top flange covered with rubber so that by 
screwing down the lid they could be made airtight. The boxes were kept 
saturated with water vapour by putting a layer of absorbent cotton-wool in the 
bottom and keeping this moist with distilled water. One of the boxes was held 
in a refrigerator at 4°, and the other in a hot-room at 37°. 

Dropping pipettes. Dropping pipettes were made to deliver 20 mm.^ of water 
(lilorse gauge 57) and 40 mm.^ of water (IMorse gauge 43). The delivery of these 
volumes was found to be sufficiently accurate over the whole range of reagent 
dilutions used, irrespective of their varjdng surface tensions. 


Reagents 

Strains. The following strains were examined. 

Influenza A: PR8, WS (both mouse adapted); Barratt (BAR), Williams 
(WIL)— isolated London, 1947; Rhodes (RHO)— isolated U.S.A.. 1947. 
Influenza B: Lee (mouse adapted); Crawley (CRA)— isolated London 1946. 
“Hwine influenza; Fh.ope 15 (mouse adapted). 

‘ strains w "•'’d as infected allantoic fluids mixed with an equal 

; , broth and kept in sc.alcd glass ampoules at -76° 




'\C 4- rt r 


1 
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influenza strains have had so varied a history that it cannot be assumed, for 
instance, that the strain called PR8 in this laborator 3 ’ is now identical with 
PR 8 strains used in laboratories in other parts of the world. 

Atidgens. Allantoic fluids infected with influenza virus contain two com- 
plement-fixing antigens (Friedewald, 1943; Wiener, Hcnlc & Hcnle, 194G). 
One antigen is associated with the elementary body and is strain specific, the 
other is the soluble antigen which is group specific. For our purpose the 
elementary body antigen alone is required. The stored, infected, allantoic 
fluids were diluted 10-® in 0*85% saline and passed intra-allantoically to 
lO-day chick embryos. After 48 hr. at 85® the v'iriLS was har\’cstcd. The 
elcmcntarj’ bodies were partially purified and concentrated five-fold by absorp- 
tion and elution from red cells by the method of Francis & Salk (19i2). The 
Shope strain could not be satisfactorily eluted (Burnet, Beveridge, IMcEwin 
&Boakc, 19t5),andsowith thisstramthcinfcctcd allantoic fluids were hnrvcstc<l 
bloodlessly and the elementary’ bodies partially purified and concentrated by 
high-speed centrifugation. 

The eluted elementary bodies in physiological saline were tested for hacm- 
agglutination by the Salk pattern test (Salk, 1944), using a final concentra- 
tion of chick cells of 0-25%. The litres ranged from 1/1000 to 1/4000. The 
antigens were stored in sealed glass ampoules at —76®. 

Anihera. Immune mouse sera were used, the mice being infected with 
allantoic fluid given intranasally. In the past it has been usual to use immune 
ferret sera in the antigenic analysis of strains of influenza virus, but mouse 
sera possess several advantages. As a pool from at least forty mice is used, 
individual variations arc minimized, and further, as cross-infection cannot be 
demonstrated among mice kept in different cages (Laidlaw, Smith, Andrewes 
& Dunkin, 1935) it is possible to prepare sera from a number of difTcrent 
strains without adopting the strict isolation procedures which would be 
necessary’ with ferrets. In addition, mouse sera contain no natural haemolysins 
for sheep cells. 

The infected allantoic fluids of the mouse-adapted strains were diluted so 
that they would cause very* few deaths but would produce some consolidation 
of the lungs. U.sualU’ such fluids were diluted lO”* in saline, and 0*05 ml. was 
given intranasally*. 

With the unndaplcd A strains the infected allantoic fluid was passaged 
undiluted. Although there was no obvious change in the lungs of the mice, 
potent immune sera were obtained. That multiplication of the vims does in 
fact take place has been demonstrated b\' Hirst (1947), and is also shown by* 
the fact that there is no antigenic response if the vims in the allantoic fluid is 
first killed with formalin. 

IVith the unadapted B strain (CR:\) undilutctl allantoic fluid kifled most of 
the mice and so the fluid was given diluted 10”*. 

After 13 day’s the mice were bled from the heart, the poolcsl blootl was 
allowed to clot and then centrifuged at 18,000 r.ji.m. for 15 min. The clear 
semtn was disponsc<l into glass ampoules wliicli were sc-alwl and stored 
at — 7C®. Since mouse senuu lacks the component of complement 
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(Brown, 1943), it might be supposed that inactivation would be imnecessary. In 
'' fact, unheated mouse serum was strongly anticomplementary and, moreover, 
fixed more complement in the presence of influenza ahtigens. To avoid these 
non-specific fixations the sera must be heated. Casals & Palacios (1941) have 
shown in the titration of other antibodies in mouse sera that the optimum ' 
inactivation temperature is 60°. However, at this temperature, the influenza 
anti bodies are rapidly destroyed. Throughout this work the mouse sera were 
inactivated immediately before use for 30 min. at 55°. 

Complement. The complement was pooled guinea-pig serum stored in sealed 
glass ampoules at —76°. 

Diluent. The diluent was based on the data of Mayer, Osier, Bier & Heidel- 
berger (1946). Stock: NaCl 85-0 g.; 5,5-diethylbarbituric acid 5-75 g.; sodium- 
5,5-diethylbarbiturate 3-75 g.' Dissolve the acid in 500 ml. of hot glass- 
distilled water, add the other components and make up to 2000 ml.; then 
add MgClgOHjO 1'68 g. and CaClj 0-28 g. Autoclave at 15 Ib./sq.in. for 20 min., 
pH =7-2. Store at 4°. For use the stock is diluted 1/5 in glass-distilled water. 

Sensitized sheep erythrocytes. Sheep blood was stored in Alsever’s solution and 
used for periods up to 4 months (Bukantz, Rein & Kent, 1946). Immediately 
before use the cells were washed three times, diluted to approximately 0-2 % 
and then accurately standardized in a photoelectric densitometer. The cells 
were maximally sensitized by the method of Wadsworth, Maltaner & Maltaner 
(1938), which, using Burroughs Wellcome haemolysin, entailed adding to the 
cell suspension an equal volume of haemolysin diluted 1/400. Sensitization 
was allowed to proceed for 1 hr. at 37°. 


Conduct of the test 

To illustrate the method a titration of a PR 8 immune mouse serum is 
presented in detail. In test-tubes a series of eleven twofold dilutions of the 
serum are made, from 1/1 to 1/1024, and sixteen dilutions of complement as in 
Table 1. To provide enough of these dilutions for twelve Perspex sheets, only 
1-7 ml. of guinea-pig serum is required. The antigen dilution is also prepared, 
in tliis case so as to contain' 1000 haemagglutination units. 

A Perspex sheet (say B) is laid on the bench. Using a 20 mm.^ dropping 
pipette the serum dilutions are first distributed. Row 12 reeeives one drop of 
diluent (control row), row 11 receives one drop of serum dilution 1/1024, row 
10 receives one drop of serum dilution 1/512, and so on. Then to each square 
is added a drop of the appropriate complement dilution according to the 
scheme in Table 1. Finally, a drop of diluent is added to the pool in each 
square, as B is the serum control sheet. No deliberate mixing of the drops is 
necessary. Another Perspex sheet (say C) is similarly prepared except that the 
third drop of each pool is the antigen. 

Each sheet takes about 12 min. to set out, and as it is completed it is put 
away in the rack which is already inside the box in the cold room. When the 
last plate has been inserted the top of the box is screwed down and left to stand 
overnight. Next day the rack is removed from the cold room. To each square 
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on the Perspex sheets 40 mm.^ of sensitized sheep cells nrc added wth a 
dropping pipette. Again no mixing is required. The sheets in tlic rack arc now 
transferred to the water-saturated box in the 37® hot room, and the lid screwed 
down. At the end of 2 hr. the rack is removed from the box and allowed to 
stand at room temperature for half an hour or so, to allow the surface film of 
moisture to evaporate from the sheets. 

Table 1. Complement dilution table^ icith scheme for the distribution 
of the complement dilutions on Perspex sheets 

Distribution on Perspex sheets 
Columns 


ibc no. 

Dilution 1 in 

mm.** 

log,|,min.’ 

Ilow 1-3 

Uow 4-7 

Uow 8-12 

1 

32 

C-3 

0-8 

(1 




2 

5 

40 

O'G 

b 

— 

— 

3 

8 

2‘3 

0~1 

e 

0 


4 

120 

10 

0-2 

d 

b 

— 

S 

20 

1-0 

00 

e 

c 

a 

0 

32 

003 

Is 

s 

(1 

b 

7 

SO 

0-4 

lo 

g 

e 

e 

8 

80 

0-25 

1-1 

h 

f 

d 

0 

100 

0-2 

1-0 




e 

10 

' 120 

010 

1-2 

j 

g 

f 

11 

150 

013 

ll 



g 

13 

200 

010 

I-O 

k 

h 

h 

IS 

250 

003 

2» 


J 

J 

14 

310 

000 

2-8 


k 

k 

IS 

400 

005 

2-7 


rn 

m 

10 

500 

OUl 

2-0 

n 

n 

n 


• Equivalent \’olumc of undiluted complement in 20 mm.* drop. 


The test is read by placing the Perspex sheets fiat on a wliitc background 
with a strong light overhead. Where the cells have not been hacmolj’scd they 
collect in a central dot (PI. 1, fig. 3), rather as the cells in the control tube 
collect in a button at the bottom of the tube in the Salk test. 

By observing the density of tliis dot, the end-point is taken as that square 
wluch by inspection shows lialf the cells hncmolyzcd. With the complement 
intcrv'als chosen this point is usually sliarp and easy to assess. Frequently 
one square shows complete haemolysis and the next no haemolysis, in which 
case the end-point is taken as the geometric mean of the amounts of com- 
plement in the two squares. 

The data arc given in Tabic 2. On the scrum control sheet, B, the square 
for S0% haemolysis is noted for each scrum dilution. From tliis the amount 
of complement required is obtained by reference to Table 1. In the same w.ay 
on sheet C the amounts of complement required for 50% liacmoK'sis in tlic 
presence of antigen arc noted. By subtracting the first value from the second, 
the amount of complement fixed in the antigen-antibody reaction is obtained. 
The unit is taken as the minimal amount of complement ncciled to produce 
50 % hacmoK*sis in the presence of the antigen, in this case O Oo nun.® Dividing 
the mm.® of complement fixetl by 0*05, we obtain the number of units fixcti 
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at each serum dilution, here expressed as the logarithm. In Fig. 1 (solid lin 
the log units fixed have been plotted against log serum-dilutions. Parallel tes 
have shown that the fixation on the sheets is identical with that occurring 
tubes using the same reagents but with 200 mm.^ volumes in the tubes instes 
of 20 mm.3 drops. In Fig. 1 and in subsequent tests the imdiluted serum 

Table 2. Complement fixation of PR 8 immune serum with 1000 haemaggluiini 
units of homologous antigen. Calculation of the log-units fixed 



Serum 

B, serum 
control 


C, antigen 1000 units 

Ji.. 


Row 

dilution 
one in 

mm.®C 

{X) 

mm.®C 

(y) 

(y-x) 

logioCy-®) 

(-) 

logjo units 
(3-2-7) 

1 

1 

1-0 

40 

80 

0-48 

1-78 

2 

2 

0-4 

3-2 

2-8 

0-45 

1-75 

3 

4 

0-25 

2-5 

2-25 

0-35 

105 

4 

8 

016 

20 

1-84 

0-26 

1-56 

5 

16 

010 

1-3 

1-20 

008 

1-38 

6 

32 

008 

063 

0-55 

1-74 

1-04 

7 

64 

007 

0-25 

0-18 

1-25 

0-55 

8 

128 

006 

006 

0 

. 

— 

9 

256 

006 

0 05 

-001 

— 

■ — 

10 

512 

0-06 

005 

-001 

— 

— 

11 

1024 

006 

005 

-001 

— 

— 

12 

— 

006 

005* 

-001 

— 

■ — 


C= equivalent volume of undiluted complement. 
* 1 unit = 0-05 mm.® complement. 



Scrum dilutions 


Fiff. 1- Pri8 immune serum titrated with four different concentrations of homologous 
antigen of 1000, 250, 02 and 15 haemagglutinin units. 

omitted, for with such strong reagents the number of units fixed in repeated 
tests is variable; and also, as will be demonstrated, the antibodies in the 1/2 
dilution are so greatly in excess of the amounts of antigen available, that no 
information is gained. By this omission a great saving of serum was effected. 
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Miscellaneous j)Tecaulions, .It has been found convenient, ^vhen setting out 
the drops on the Perspex, to use a sheet of brass as a backing plate. Tins 
increases the internal rcncxions and makes it easier to see how many drops 
have been placed on a square. At a later stage when the sensitized cells are 
being added it is preferable to use a backing plate of black bakcHtc. For 
reading the test a sheet of white crenoid has been found useful. The exact 
height from whicii the drops are delivered on to tlie Perspex sliect varies 
slightly with the prevailing humidity. Usually a height of 2~3 cm. is convenient. 
Occasionally the drops tend to ricoclict on one another, but this tendency can 
be countered by slightly increasing the dropping height. Each sheet is com- 
pleted and put away in the cold before the next is commenced. Tliis may not 
be nccessarj’ when very few sheets are being set up, but in our experience of 
large series too much evaporation occurs if tlie sheets are left in the laboratory 
during the whole procedure. Even in the water-saturated box at 4®, a certain 
amount of evaporation does occur overnight, but this is not sufficiently marked 
to affect the complement, although no doubt if it could be entirely av^oided the 
complement titre would be slightly higher. It has been found that even when 
the reaction is carried out in the usual manner in test-tubes with fixation for 
18 hr. in the cold, a slightly higher complement litre is obtained by preventing 
surface evaporation by a layer of liquid paraffin in each tube. 

In the design of the rack the space bet%vcen the individual sheets is f in. 
Tills distance should not be decreased very much as, when the plates arc too 
close, there is a tendency for the water in the drops to distil over on to the 
undcr-sidc of the sheet immediately above. It was found that the top sheet 
in our rack showed a greater degree of evaporation than the other sheets 
because of the close proximity of the bakclitc top of the rack wiiich cooled at 
a different rate. This was avoided by keeping sheet A always in position in tlic 
rack but not using it in the test. Obviously if the ajqiaratus were redesigned 
the rack could be suitably modified. 

The reading of tlic test depends, as has been described, on the fact that the 
unhaemolyzed cells collect in a dot in the centre of the pool. This is presumed 
to occur because the haemolysin dilution for maximal sensitization is close to 
the agglutination titre of the haemolysin scrum. The effect is cniianccd by 
sensitizing the cells for n full hour before use. Occasionally it will be found that 
on first reading llic cells arc not sharply confined to a central dot. In such 
eases a slight rotary twist of the sheet will clarify the pattern 

After rending, the sheets arc placed in a large photographic dish and covcrc<l 
with water containing 0-2 % IICI. After 4 hr. or so, they arc washed in ninning 
cold water, using a swab of absorbent cotton-wool to clean the surface, rinsed 
in distilled water and place<l in the rack wliich is laid on its side so llmt the 
sheets drain vertically. Tlicy arc left at room temperature to drj* overnight 
and arc then storwl in a dust-free l>ox. It is imixirlant not to rub (lie dr\’ 
sheets with a cloth because Perspex easily becomes electrically chargctl, ami 
it is imi>ossibIc to deliver drops on to such a sheet; the drops arc dragged off 
theendof the pipette by electrostatic ntlraclion before they have grown to the 
size cxpcctcil under the pull of gravity alone. 
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the logarithms of the mm.^ of complement fixed. It will be seen that over 
a considerable range the curve of fixation %vith antigen is shifted up 0-2 unit, 
and this has been found to be true with all the antigens used. On occasion the 


Table 4. Relation between standard antigen dilution and 
haemagglutinin iiire 



Haemagglutin 

Dilution for 

Strain 

in titre 

standard antigen 

PR 8 

2000 

4 

BAR 

4000 

16 

WS 

1000 

8 

Shope 

1000 

4 

Lee 

4000 

8 

Crawley 

4000 

8 



, .U 4-1 V never more. In any serum titration, therefore, 

shift is less than in the manner shown in Table 5. To 

the non-signifi^n t^ expressed as the logarithm, 

"''^^led'o^ TheS new values are then treated in the way already described 
units fixed are calculated. It frequently happens that on the 
and the log nmts tL complement required for 50 % haemolysis 

serum-con ro greater than in the rows immediately above. This 

in row 12 (diluent alo ) § and the unit is calculated on the 

""irthe Lin test any fi-xation occurring in e.xcess of the 
f-tion is presumed to be significant. 


RESULTS 

,mparcd. To is shoa-„ in Tabic 0, and the logarithms of 

hllc been plotted against the serum dilations m F,g. a. 
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Each curve is now plotted on stout graph paper, the scale in this case being 
18 mm. for the abscissa! units and 10 mm. for the units of the ordinate, using 
0 0 as a base-line. The area under eacli curve is estimated by cutting out and 
weighing the pieces of paper (Table 6, i). This weight in mg. is converted into 


Table 5. Calculation of the non-specific complement fixation of 
a stajidard antigen 


Senim control 
Scrum , -* 


Oilculatcti non>si‘gnincnnt HKation 


dilutions logumm.* 

mm.* 

0 4-02 

mm.* 


■ogioto- 

*) logio units 

1 m 

(0) 

(«) 

(&) 

to) 

to-.>^) 

(:) 

(2-20) 

2 

1-7 

0*5 

1-9 

0-8 

0 3 

1-48 

0-58 

4 

1-4 

023 

I-G 

0-4 

015 

1-18 

0 2S 

8 

1-2 

010 

1-4 

0-25 

009 

3-05 

0 05 

1C 

M 

0.13 

1-3 

0 20 

0 07 

5-81 

— , 

32 

lo 

0.10 

1-2 

OIC 

OOC 

2-78 

— 

at 

2-9 

003 

ll 

012 

0 03 

2-70 

■ — 

128 

2.9 

0 08 

I-I 

0-13 

0 03 

2-70 


25a 

2-9 

0 08 

I-l 

013 

0 03 

2-70 

— , 

512 

2n 

003 

M 

013 

005 

2-70 

. — 

1021 

2-9 

0 08 

1-1 

013 

0 05 

2-70 

— 

— 

2'9 


— 







Pig. 5. Lee immune 5enim titrated with «ix Rt.-iniLird nnllgens. Prom 
<!ntA in Table 0. 


cm.- by dividing by the weight of 1cm.* of the paper used, here 11*5 mg. 
(Table C, ii). xVU arc.as less than the area of the c.alculalcd non-specific fixation 
arc disrcganle<l, the rest arc cxpressctl as fractions of tljc hoinologotjs area 
(Table C, iii, which is ii divided by 120). The areas arc rcjinxlnciblc to within 
about 5-10%, and the relative areas willi different antigens arc not afrcctctl 
by slight differences in the litre of diffcrcnl i>ools of antiscnitn. 

Tile comparison of all the antigens with atdiscra prcji.arcd ag.ainst them is 



108 


F. Fulton and K. JR. Dumbell 

shown in Table 7 a. It will be seen that the cross-reactions are not reciprocal, 
and. therefore to show the relationship between the strains the two fractions 
are summed and divided by 2 (Table 7 b). For example, the cross-reactions 


Table 6. Complement fixation of Lee immune serum with six standard 
antigens. Calculation of index numbers 


Log units 

Serum , * 


dilution 

Calculated 

PR 8 

Barratt 

WS 

Shope 

Lee 

Crawley 

1 :2 

0-57 

0-23 

0-57 

0-07 

0-33 

1-24 

1-24 

1 -.4 

0-36 

0-36 

0-36 

0-40 

0-10 

1-18 

1-05 

1 :8 

0-18 

0-18 

0-18 

0-28 

— 

1-12 

0-97 

1 : 16 

— 

— 

0-20 

0-30 

0-05 

1-02 

0-91 

1 ;S2 

— 

— 

0-08 

0-18 

— 

0-93 

0-53 

1 :64 

— 

— 

— 

— 

— 

0-82 

0-28 

1 : 128 

— 

— 

— 

— 

— 

0-58 

— 

1 : 256 

— 

— 

— 

— 

— 

0-28 

— 

1 :512 

— 

— 

— 

— 

— 

— 

— 

1 : 1024 

— 

— 

— 

— 

— 


— 

(i) mg- 

164 

132 

226 

313 

50 

1381 

914 

(ii) cm.= 

14-26 

11-48 

19-65 

27-21 

4-35 

120-00 

79-50 

(iii) (ii) divided — 

— 

0-16 

0-23 

— 

1-0 

O-OG 


by 120 

of PR8 and Barratt in Table 7a are 0*55 and 0 so that the arithmetic mean is 
0-28, It is clear that all of the strains examined are different, though Lee and 
Crawley are closely similar and WS and Barratt are fairly closely related. 
Apparently there is some slight relationship between the WS strain and the 
two strains of Influenza B virus. 


Table 7 (o). Comparison of six strains of influenza virus. Degree of 
complement fixation expressed by an index number, homologous ==1-0 

Sera 


Antigens 

WS 

BAR 

PR 8 

Shope 

Lee 

CRA 

WS 

1-0 

0-53 

0-Cl 

0-57 

0-23 

0-25 

BAR 

0-63 

1-0 

0-55 

0-57 

0-10 

0 

PR 8 

0-20 

0 

I-O 

0-14 

0 

0 

Shope 

0 

0 

0-29 

1-0 

0 

0 

Lee 

0 

0 

0 

0-14 

1-0 

0-84 

CRA 

0 

0 

0 

0-14 

O-CO 

1-0 


Table 7{h). Comparison of six sirams of influenza virus. Arithmetic 
mean of cross-reactions 


Antigens 
WS 
BAR 
PR 8 
Shope 
Lee 
CRA 


Sera 


WS 

BAR 

PR 8 

1-0 

0-58 

0-44 


1-0 

0-28 

— 

— 

1-0 


Shope 

Lee 

CRA 

0-28 

0-11 

0-12 

0-28 

008 

0 

0-22 

0 

0 

1-0 

0-07 

0-07 

— 

1-0 

0'T5 



— 

10 
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By similar methods the Barmtt '1947A strain was compared with the 
Williams strain isolated- during the same epidemic, and also with the Bhodes 
strain isolated in New’ York in 1947 (Table 8). The three strains arc identical. 

Table 8. Comparison of three strains of injluenza virus isolated in 1947. 
Arithmetic mean of cross-reaetions 



BAR 

IVIL 

RHO 

BAU 

10 

0 07 

0-07 


— 

1*0 



RUO 

— 

— 

10 


DISCUSSION 

In the comparison of a number of strains of influenza virus it htis not been 
possible to demonstrate strictly reciprocal cross-reactions. Because of this it 
is unlikely that there is a mosaic of antigens variously represented in tlic 
individual strains. 

The interpretation of cross-reactions is bound to remain hypothetical until 
chemical details arc known, but it seems reasonable to regard the influenza 
strains as a number of related but in most cases not identical structures, and 
the cross-reactions as due to the diversity of antibodies produced against the 
configuration as a whole (cf. Landsteiner, 1945). 

The relationsliips bctw'cen the strains examined may be understood by con- 
sidering a number of theoretical strains. A strain a is presumed to be identical 
with a strain /? when the standard a antigen gives with the /? antiserum the 
homologous semm titre — and vice versa. Under such circumstances the 
amounts of complement fixed maximally will necessarily be the same in both 
cases, here chosen at I’O mm.^ When strains arc entirely dissimilar the zone of 
fixation falls W’ithin the calculated non-significant fixation. 

Of strains which are similar but not identical there arc two groups. In the 
first group, strain y is similar to but not idcntic.al w’ith strain fl when the 
standard y antigen is matched with the fl anti-scrum and the scrum titre is less 
than the homologous titre. This is taken to mean that only some of the anti- 
bodies arc of a sufficiently good fit to react with tlic antigen. Owing to tlic 
large excess of scrum antibodies available there arc still suflicient of these 
antibodies at a scrum dilution of 1/2 to enable the antigen to fix the standard 
1-0 mm.* of complement (Fig. 0, B;VR). 

In the second group, stniin 5 is even more unlike the fi strain, since not only 
arc tlic available antibodies in the p scrum merely a part of tliosc witli wliicli 
the homologous antigen reacts, as shown by the lower sernin titre, but also llie 
maximal complement fixetl is less than 1*0 mm.*, suggesting that tlie S antigen 
is heterogeneous and that only certain elements arc able to react with certain 
components of the P antibody population (Fig. «, PRS). 

This distinction os to whether the w'holc of the standard amount of com- 
plement is fixed or not might liavc been use<l as a method of classification 
within the A and B strains. But as the cross-rcaclions arc not reciprocal wo 
have had to accept the mean of the obser\'cd cross-reactions. 
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Fnedewald (1944) has studied the antigenic composition of influenza virus 
by means of antibody absorption tests. However, the value of this difficult 
technique seems rather doubtful if one considers the cross-reactions as being 
due to diversity of antibodies produced against the configuration as a wliole. 



Fig. 6. WS immune serum titrated with three standard antigens to show the fixation of 
a closely similar strain (BAR) and the fixation of a siightly related strain (PR 8). 


For two heterologous strains will only react with the same group of anti- 
bodies if they are themselves identical — a fact which can be demonstrated in 
simpler ways. 

We have not attempted a classification of the influenza virus strains — 
a task which would demand the detailed examination of a large number of 
strains. The method proposed has, however, enabled us to compare strains 
with accuracy, and paves the way for a useful classification. 
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EXPLANATION OF rL.\TE 

Pig. 1. Tcclinique for complement fixation: setting out drops on a Perspex sheet. 

Fig, 2. Technique for complement fixation; rock to hold 12 Pcrsjxjx sheets. 

Fig. 0. Tcclmiquc for complement fixation: to show the method of rending the test. 
^Vhe^e the crj*throcy tes Imve not been hocmo1j*sc<I they hn%T collected into n central dot 


(Brerirrd 2G April 1948) 



The Use of Nile Blue in the Study of Tetrathionase 

Activity 

By W. H. H. JEBB 

Public Health Laboratory, Walton Street, Oxford 

SUMMARY : Experiments by the Thimberg tube teclmique have shown that tetra- 
thionate can oxidize reduced Nile blue in the presence of tetrathionate-adapted cells 
of a Gram-negative coliform orgam'sm but not in the presence of cells lacking a 
developed tetrathionase system, viz. unadapted cells of the same organism and cells 
of Shigella sonnei. Concentrations of tetrathionate of the order of m/3200 and slight 
tetrathionase activity can be detected by the Thunberg tube technique, which may 
be useful also in investigating the effect of certain physical and chemical agents on 
the tetrathionase system. It appears that tetrathionate can act as a hydrogen 
acceptor for organisms capable of reducing it. 

Knox, Gell & Pollock (1943) showed that certain organisms can reduce tetra- 
thionate in the presence of a h3'^drogen donator, and it has been suggested that 
tetrathionate acts as a hydrogen acceptor alternative to cxj^gen for those 
organisms that are able to reduce it (ICnox et al. 1943; Pollock & Knox, 1943; 
Knox, 1945). Quastel & Whetham (1924) showed that under anaerobic con- 
ditions, in the presence of a washed suspension of Bacterium coli, fumarate in- 
hibited the reduction of methylene blue and reoxidized reduced methylene blue. 
Quastel, Stephenson & Whetham (1925) show'ed tliat nitrate acted in a similar 
waj’’, and Green, Stickland & Tarr (1934) performed similar e.xperiments with 
other redox indicators. It is accepted that the reoxidation, of a reduced in- 
dicator under anaerobic conditions, is evidence of the presence of some substance 
or system capable of acting as a hydrogen acceptor alternative to oxygen. 
The extent to which a reduced redox indicator is reoxidized, however, depends 
on the relative rates at which it is being oxidized and reduced bj'^ the systems 
present in the preparation. The ‘tetrathionase’ sj’^stem, which is an adaptive 
enzyme system (Knox & Pollock, 1944), transfers hydrogen from a suitable 
hydrogen donator to tetrathionate and almost certainly consists of a complex 
series of enzymes. In this investigation onlj”^ that part of the system which 
transfers hydrogen from reduced Nile blue to tetrathionate has been studied. 
The experiments described here show' that tetrathionate w'ill reoxidize reduced 
Nile blue in the presence of a suspension of cells adapted to reduce tetra- 
thionate, but not in the presence of cells w'hich do not reduce tetrathionate. 


EXPERIMENTAL 

Methods 

Organisms. The organisms used were: (1) a non-pathogenic Gram-negative 
coliform organism of the intermediate type 1 group, labelled ‘1433’; this 
organism was obtained from Dr M. R. Pollock and had been used by Knox 
et al. (1943) in their work on the selective action of tetrathionate, and by 
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Pollock (1940) in his work on nitratase; (2) a strain, of Shigella sonnei, ns an 
example of a non-rcducer of tetrathionatc. 

Preparation of suspensions. Normal (unadapted) coll suspensions of ‘1433* 
and the suspension of Sonne cells were prepared by inoculating 3 ml. of C hr, 
tryptic hcart“broth cultures on to 200 ml. of tryptic heart agar in Roux bottles. 
The Roux bottles were incubated at 87® for 1C hr., and the cells were washed ofT 
in quarter-strength Ringer solution. The cells from each Roux bottle were 
centrifuged, washed once, and made into a thick suspension in 10 ml. quarter- 
strength Ringer solution. 

Adapted cell suspensions of ‘1433’ were prepared by growing the organisms 
in Roux bottles containing .m/50 tetrathionatc, 3f/50 mannitol and >f/5 phos- 
phate buffer (pH 7*C) in tryptic heart agar and treating in the same way (Knox 
& Pollock, 1944). The dr>' W'cight of all these suspensions was of the order of 
15-20 mg./ml. 

Preparation ofThunherg tubes. The experiments were performed in evacuated 
Thunberg tubes placed in a thermostatically controlled water-bath at 87®. The 
following mixture was placed in the main part of each tube: 0-5 ml. Nile blue 
si/lCOO; O'o ml. sodium lactate m/2; 0*5 ml. phosphate buffer (pH 0*4) m/7‘5; 
0*3 ml. bacterial suspension. The mixture was bulTcred at pH 0*4 because Nile 
blue was more readily decolorized at this pll than at pH 7*0, and the activity 
of tetrathionase falls off rapidly at pH levels lower than 0*4 (Pollock & Knox, 
1943). Volumes (0*5 ml.) of various concentrations of tetrathionatc were placed 
in the hollow stoppers of the Thunberg tubes and the tubes closed and evacuated 
by water pump. After the Nile blue had been decolorized by the action of the 
cell suspension the tetrathionatc was tipped into the mixture. Sodium tetra- 
thionate prepared by the method described by Sander (1013) was used; it 
contained two molecules of water of crystallization and no detectable iodide, 
thiosulphate, sulphate or sulphite (Knox, 1945). In a few experiments tetra- 
Ihionate was added to the mixture in the Thunberg tube before the Nile blue 
was reduced, to see if it would inhibit the reduction of the dye. A few similar 
experiments were performed with methylene blue as an indicator. 


UcsuJls 

Peoxidation of reduced Nile blue. Table 1 shows the results of an experiment 
using adapted and iinadaplcd cells of ‘1433* and a Sonne suspension. It can 
be seen that tclmthionatc caused an immediate rcoxidntion of tlic Nile blue 
in the presence of the ad.nptcd cells of * 143,3% wliilc with the other two suspen- 
sions tlic addition of tctrjilhionatc produced only a pale blue colour. Tlie time 
tnkci> for this coloxir to disappear was, however, slightly longer with the 
unadnptctl cells of ‘ 1433* than with the Sonne suspension. 

Experiments to find the smallest concentration of tetrathionatc that would 
rcoxidizc reduced Nile blue completely in tlic presence of ndaptetl cells of 
*1433* arc rcconlcd in Table 2. It can he seen llmt tetrathionatc down to 
a final concentration of m/3200 completely reoxidized the Nile blue iisctl, and 
that an even lower concentration of tetr.athionalc dclayctl the disappearance 
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of the pale blue colour ■which appeared on adding the contents of the 
stopper. 

The effect of diluting a suspension of adapted cells of ‘14.33’ is shown in 
Table 3. Twofold dilutions of adapted cells were added to 0-3 ml. of a Sonne 
suspension in a Thunberg tube containing the usual mixture, the Sonne 
suspension being used to ensure rapid reduction of the Nile blue. The tetra- 
thionate was added when the Nile blue was reduced, and the resulting colour 

Table 1. Effect of adding ietrathionate to reaction mixtures containing 
various tvasJied cell suspensions 

The main part of each Thunberg tube contained: 0-5 ml. at/2 sodium lactate; 0-5 mlai/T-S 
phosphate buffer pH 6-4; 0-5 ml. m/ 1600 Nile blue; 0-5 ml. of cell suspension. 

Time taken 
for colour 



Final 

Time taken 

Deepest colour 

to disappear 


concentration 

to decolorize 

reached after 

again 


of tetrathionate 

Nile blue 

adding contents 

completely 

Cell suspension 

after mixing 

(min.) 

of stopper 

(min.) 

‘ 1433 ’ adapted 

Nil 

6i 

Pale blue 

1-11 

‘1433’ adapted 

M/100 

61 

Deep blue 

>240 

‘1433’ unadapted 

M/100 


Pale .blue 

3} 

Sonne 

M/100 

6 

Pale blue 

n 


Table 2. Effect of adding various concentrations of ietrathionate to 
reaction mixtures containing tetrathionaie-adapted cells 

The main part of each Thimbeig tube contained: 0-5 ml. m/2 sodium lactate; 0-5 ml.M/T-S 
phosphate buffer pH 6-4; 0-5 ml. m/1600 Nile blue; 0-5 ml. of adapted ‘14.33’ cells. 


Final concentration 

Time taken to 
decolorize 

Deepest colour 
reached after 

Time taken for colour 

of tetrathionate 

Nile blue 

adding contents 

disappear again 

after mixing 

(min.) 

of stopper 

completely 

Nil 

61 

Pale blue 

1-11 min. • 

M/100 

<5| 

Deep blue 

Still deep blue at 4 )ir. 

Ji/200 

6 

Deep blue 

1 hr. 

m/400 

6 

Deep blue 

SO min. 

m/800 

G 

Deep blue 

11 min. 

m/3200 

0 

Deep blue 

Cl min. 

m/0400 

61 

Pale blue 

5 min. 


and the time for it to disappear were noted. It can be seen from Table 3 tliat 
as the adapted cell suspension of ‘ 1433 ’ was diluted the Nile blue was not fully 
reoxidized, and the time taken for the colour to disappear again completely 
was lengthened. On further dilution the time taken for the dye to be reduced 
completely again became shorter until in the last tube it was very little longer 
than in tube 2 which contained distilled water in place of adapted ‘ 1433 ’ ceils. 

Experiments were performed with unadapted cells of ‘1433’ and with a 
Sonne suspension, using various concentrations of tetrathionate in the stopper. 
Complete rcoxidation of the Nile blue did not occur with either of these 
suspensions; only the usual pale blue colour appeared when the contents of 
the stopper were added to the mixture after initial reduction of the dye. With 
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the Sonne suspension the time taken (c. 1*5 min.) for this pale colour to 
disappear again was the same whether water or tetrathionnte was added from 
the stopper. With the unadapted suspension of ‘1433’, however, the time for 
the colour to disappear was slightly longer {c. 3*5 min.) when tetrathionate was 
added than when w’ater was added (1*5 min.). These dilTcrenccs are very small 

Table 8. Effect of decreasing quantity of adapted cells in the reaction mixture 

Each tube contained; 0-3 ml. >i/2 sodium Inctntc; 0-3 ml. m/7'5 phosphate butler pll C -t; 
0 5 ml. m/IGOO Nile blue; 0-5 ml. suspension; in the stopper 0*5 ml. m/ 80 tetrathionate. 
Tube 1 contained 0*5 ml. Sonne suspension, the others 0*3 ml. Sonne suspension and 0 2 ml. 
suspension of adapted cells of *1433’ in the dilutions indicated. 


Cell suspension 

Dilution of Time 
adapted taken to 

*1433’ of decolorize 
Tube Sonne which 0*2 ml. Nile blue 

Deepest 
colour 
readied 
after adding 
contents of 

Time taken 
to recolorizc 

Time taken for 
colour to 
disappear again 

no. 

(ml.) 

Was added (min.) 

stopper 

Nile blue 

completely 

1 

0*5 

— 7 

I’ale blue 



2J min. 

2 

0*3 

Distilled water 0 

Pale blue 

— 

sp-i min. 

3 

0*3 

only 

1/1 (undiluted) fl 

Deep blue 

1 min. approx. 

05 min. 

4 

0*3 

1/2 7 

Blue ?dccp 

?not quite fully; 

r. 2 hr. 

S 

0*3 

1/4 7J 

Blue 

>5 min. to 

Tcaeli maximum 
Not fully; long 

2-3 hr. 

0 

0-3 

1/8 0 

Blue 

time to rcncli 
maximum 

Very pile after 

7 

0-3 

1/10 6 

Pale blue 


23 min.; fully 
decolorized 

40 min. 

IS min. 

8 

0*3 

1/32 8 

Pole blue 

— 

B min. 

0 

03 

1/Ot 8i 

Pole blue 

— 

S m(n. 


but may indicate partial rcoxidation of the reduced Nile blue by the slight 
tetrathionase oclivitj’ of the unadaplcd cells. Table 3 shou’s that such*lctra» 
thionase activity must be very smnU when compared to tliat of adapted cells. 

Enzymic nature of process. The system responsible for the rcoxidation of Nile 
blue by tetrathionate in the presence of adapted cells of * 1433 ’ can be destroyed 
by heat. The contents of the main part of a Thunberg tube were healed to 05“’ 
for 40 min. and allowed to cool after the Nile blue had been reduced and before 
tetrathionate was added from tlic stopper. The deep blue colour which appeared 
when tetrathionate was added to the uiihcatcd mixture did not appear wlicn 
the same concentration of tetrathionate was added to the heated and cooled 
mixture. 

Delay in reduction of redox indicators. Experiments were perfonned in wliich 
various concentrations of tetrathionate were added to the mixturcof suspension, 
lactate, bulTcr and Nile blue in the mam part of a Thunberg tul>c before the 
tube was evacuated and placctl in the water-bath. It w.^s found timt even 
M/ICOO (final concentration) tetrathionate gave a perceptible delay in the 
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reduction of Nile blue by adapted cells of ‘1433’ but not by unadapted cells 
or by a Sonne suspension. Tetrathionate in quite small concentrations also 
inhibited the reduction of methylene blue by adapted but not unadapted cells 
of ‘1433’. Attempts to reoxidize reduced methylene blue with tetrathionate in 
the presence of adapted cells were not successful. 

DISCUSSION 

The experiments performed show that under suitable anaerobic conditions 
tetrathionate can oxidize reduced Nile blue in the presence of cells adapted to 
reduce tetrathionate, but not in the presence of cells which cannot reduce 
tetrathionate. The technique used was capable of detecting tetrathionate in 
concentrations as low as m / 3200 , and of detecting slight tetrathionase activity. 
The tetrathionase activity of the unadapted cells used here must be very small. 

Attempts to inhibit the dehydrogenase systems of the adapted cells while 
leaving the tetrathionase system intact have so far been unsuccessful. Substances 
that inhibit the dehydrogenase systems appear to affect the tetrathionase 
system also, though perhaps rather more slowly. By means of the Nile blue 
reduction-oxidation technique, however, it may be possible to study the effect 
of various chemical and physical agents on the tetrathionase system. 

I am indebted to Dr R. Kiiox and Dr M. R. Pollock for much valuable advice and 
to Mr A. H. Tomlinson who kindly prepared and investigated tlie pure sodium 
tetrathionate used. 
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The Control of the Swarming of Proteus vulgaris by 
Boric Acid 

By J. a. SYICES and R. REED 

The Dcparlmcnl of Palholog\j aiirf Bacteriologu n«rZ the Department 
of Diomolccular StrtteturCf Universiti/ of Leeds 

SIBIMAHY: The swarming of Proteus vutgaris Is inhibited on a heated blood-ngar 
medium containing 0-1 % (w/v) boric acid. Tliis boric acid concentration docs not 
inhibit the groAvtli of many organisms having more exacting metabolic requirements. 
The medium is equally successful in controlling certain swanning strains of Pseudo- 
vionas pyoepaneo. This inhibition of swarming is possibly due to the formation of 
a boron-polj'saccharide complex, resinous in character, the formation of which is 
associated wtli flagellar disintegration. 

Tho ST^'arming of Proteus vulgaris in mixed culture is n continual source of 
trouble to bacteriologists. A method w'hich could control it without affecting 
the growth of more delicate organisms would be of great value, c.g. in the 
isolation of gonococci from the urogenital tract. Kramer & Koch (1031) in 
a summary comparing existing methods indicated chloral hydrate as one of 
the most successful inhibitors of swarming. Gillespie (1D48) used this substance 
for the isolation of /?-haemolytic streptococci on a blood*ngar mctliiim in tlie 
presence of P. vulgaris, 

liOininski &: Lendrum (1942) proposed the use of s\irfacc-activc agents to 
prevent swarming. Tlioso compounds which they described ns most clTcctivc, 
together with others not mentioned by them, proved on test in our hands to 
be incapable of preventing tlic swarming of P. vulgaris when these substances 
were incorporated in a heated blood-agar metlium. Simple inorganic salts were 
next examined, especially those having some protein-coagulating action, which 
might be expected to influence either the formation or the action of flagella. 
Potash alum was inhibitory in u simple nutrient ngar medium and in a healed 
blood-agar medium conUiining 10% blood, but was lethal to more delicate 
organisms at concentrations suflicicnt to prevent the swarming of P, vulgaris, 
Tlic active part of potash alum proved to be the alumini\un. Accordingly, 
other members of group 3 of the Periodic Table were invcsligatctl. Horon 
compounds and in particular boric acid were found to be j>eculiarly effective. 
Boric acid was therefore incorporated in a hcatctl blootl-agar medium con- 
taining 10% blood in concentrations ranging from 1 to 0-0001 % (here and 
throughout % means % (w/v)). The most salisfaclorj’ concentration of boric 
acid for the inhibition of swanning was 0*1 %, and this concentration did not 
affect the growth of more delicate organisms. At concentrations of I % boric 
acid there was only mcKlcralc growtii of Shigella sonnei, Neisseria ineningHUlis, 
Streptococcus pneumoniae and Neisseria gonorrhoeae. Swarming of .some of the 
twelve strains of Proteus vulgaris examined began at dilutions lower tlian 
0 05 % boric acid; other strains did not swann until a dilution of 0 01 % w.as 
reached. 
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In the standard medium used in this department for the isolation of gono- 
cocci from the mogenital tract, a heated blood agar containing 20 % blood, 
it was found advisable to increase the concentration of boric acid to 0-125 %. 
The suitability of the boric acid medium for isolating gonococci was estimated 
by comparing the minimum number of gonococci growing on a heated blood- 
agar medium with and without boric acid. Using six freshly isolated strains 
of gonococci suspended in 10 % serum broth, and various dilutions of these 
suspensions, it was found that both media detected the organism at a dilution 
of 1000 organisms/ml. when the inoculation was made with a standard 3 mm. 
loop which contained at that dilution c. 70 organisms. The medium was tested 
extensively in the Venereal Diseases Clinic of the General Infirmary at Leeds, 

The boric acid medium. The medium was made as follows. A screw-capped 
bottle of about 550 ml. capacity containing 400 ml. of nutrient agar was placed 
in the steamer until the agar was melted. The bottle was then transferred to 
a water-bath at 60° and kept at that temperature for 10 min . ; 80 ml. of 
oxalated horse blood were then added and well mixed. The temperatiu-e of the 
bath was then raised to 75°. When the contents of the bottle had assumed 
a uniform chocolate colour 12-5 ml. of a 4 % solution of boric acid were added 
(a 4 % solution of boric acid is self-sterilizing) and well mixed in the medium 
by rotatory movements of the bottle; plates were then poured. After setting, 
the plates were kept in the cold-room for use as required; it was found that the 
medium kept for 4-6 weeks without deterioration. 

Technique and results of test 

The method adopted for testing the medium was to inoculate first the 
control plate and then the boric acid plate with the same swab. This procedure 
was adopted because it tended to load the results against the boric acid plates. 
In a parallel examination of 350 specimens fifty-six of the control plates were 
overgrown by Proteus vulgaris. Of the boric acid plates none was overgrown by 
P. vulgaris, although in each case that organism was demonstrable in discrete 
colonies. The successful isolation of gonococci was obtained in thirty-eight 
instances on the boric acid medium but only in twenty-six on the control 
medium. The medium therefore shows promise as a diagnostic aid for the 
detection of the gonococci in the urogenital tract, and may be similarly useful 
on other occasions where the swarming of P. vulgaris impedes the isolation of 
desired organisms, c.g. in material from burns. 

Possible mechanism of action of boric acid 

The work of Deuel, Neukom & Weber (1948) suggested a possible explanation 
for the inhibiting action of the medium on the swarming of P. vulgaris. These . 
authors have shown that polyhydroxylie substances, particularly those having 
a high degree of polj-merization, form resinous compounds with aqueous 
solutions of boric acid even at concentrations low in comparison W'ith those 
used in the medium described. Electron micrographs of P. vulgaris grown on 
a heated blood-agar medium containing boric acid (PI. 1, fig. 1) show few 
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flagella, most of which arc broken and detached; cells g^o^vn on a similar 
medium without boric acid show large numbers of undistorted and unbroken 
flagella. The examination of flagellated bacteria in the electron microscope is 
complicated by the fact that during mounting and drying the flagella may 
become detached or broken unless a special technique be adopted. In this case, 
to avoid damage to the flagella, dilute suspensions were made in filtered dis- 
tilled water, care being taken to avoid undue shaking and stirring. Small 
drops of the suspensions were placed on filmed specimen grids. After standing 
for 5 min. these were drained with a small piece of filter-paper. Tliis method 
ensured the even distribution of the organisms on the grid, and the rapid 
drying so obtained minimized distortion and damage to the flagella. The dried 
grids after washing by flotation on filtered distilled water were sliadow-cast 
with chromium, using the vacuum technique of Williams & WyckolT (194-1). 
Material in salt solution when placed on the grid is unavoidably accompanied 
by large amounts of other matter including salt. In order that the structural 
detail of the material may be clearly seen this extraneous matter must be 
removed in a way that will not damage the material under examination. 
Various methods of accompUsliing this without affecting the nature and degree 
of aggregation have been considered by Reed (1946). One of the simplest and 
most effective is to form a thin layer of a dilute suspension of the material on 
the filmed specimen grid by using a micro*pipctte, and to drain immediately. 
In such very tliin layers the chances of particle aggregation by lateral move- 
ment arc greatly diminished and the specimens dr>' rapidly. With most 
biological material, drj'ing at this stage fixes it in an insoluble state, so that 
excess of salt can he safely removed by washing before shadow-casting. Figs. 2 
and 3 in I’l, 1 were made from material treated in this manner and arc clearly 
free from salt crystals. It was felt that pictures of preparations containing 
only flagella would prove more instructive for the understanding of the 
prevention of swarming by boric acid. 


Preparatiou ofJlageUa s^ispctisions 

For the preparation of suspensions of flagella the following teclmiquc was 
adopted. A 24 hr. culture of Proteus vult^aris wliich had been inoculated at tlic 
junction of the condensation water and the agar slope was used. This ensured 
that the culture used was actively swarming. The culture w.as removed by 
careful washing with 10 ml. of isotonic saline and the resultant suspension 
divided into two equal parts. To one part boric acid was added to give a final 
concentration of 01 %. Both suspeasions were tlicn incubated for 18 hr. at 
37® and then 0*1 ml. of 80% formaldehyde added. The suspensions were then 
centrifuged at 7000 G for 20 min., and the resultant clear supernatant fluids 
examined in the electron microscope. The electron micrograplis (FI. 1, figs. 2,3) 
show that the boric acid-lrcatcd fluid contains the remains of flagella on wliosc 
surfaces arc numerous small spherical particles and agglomcmlions of llicsc 
particles, of which the average diameter is 250 A. (fig. 3). In the control 
fluid the flagella appear to be normal and are not clumped (fig. 2). 
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Possible nature of boric acid-polijhydroxylic complex 

It may well be that the particles observable in Pi. 1, fig. 3, represent the 
protein fraction of the flagella, and that the thinner layer irhich surrounds 
them and appears to link them is a complex of the type mentioned by Deuel 
et al. (1948). If this is so then the clumping of the flagella is more easily 
explicable, as these complexes are known to be of a viscous nature. Deuel 
(1948) states that the presence of even minute traces of these substances may 
be detected by viscosimetric measurements. It was found that the fluid 
treated with boric acid showed a much greater time of flow than the fluid of 
the control tube, and than negative controls made from uninoculated agar 
slopes. The same viscosimeter (Ostwald type) was used in each case and was 
thoroughly cleaned after each reading. The times compared wei’e the mean of 
ten readings for each specimen; all readings were made at 18°. The increase in 
time of flow of the specimen treated with boric acid was of the order of 9 % . 

Deuel (1948) states that the action of acid or fructose destroys these com- 
plexes. Fluid obtained, as already mentioned, from a tube which had been 
treated with boric acid was acidified. To 10 ml. of clear supernatant fluid 1 ml. 
of 0-1 n-HCI was added, and after 1 hr. specimens were placed on filmed grids. 
Examination in the electron microscope showed numerous small particles 
(PI. 1, fig. 4), slightly smaller than those observable in PJ. 1, fig. 3, which it has 
been suggested were covered by a thin layer of some less dense material and 
which is not observable in PI. 1, fig. 4. These pai'ticles are not clumped. This 
lack of clumping maj’’ be due to the destruction by the acid of a complex of the 
nature already mentioned. Viscosimetric examination showed that the time of 
flow of the acid-treated specimen approached that of the blank controls. 


Effect of capper sulphate and loioering of pH 

Other inorganic salts that have been used for inhibiting the swarming of 
P. vulgaris were similarly examined. Copper sulphate when substituted for boric 
acid at a final concentration of 0-05 % had no detectable effect on free flagella. 
To obviate the possibility that the boric acid phenomenon might be due to 
a lowering of pH value a specimen was prepared using the same technique but 
adding 1 ml. of 0-1 n-HCI. In the electron microscope no change from the 
normal u’as observ^ed. 


DISCUSSION 

Although it would be very difficult to prove conclusively that the action of 
boric acid on the flagella of Proteus vulgaris and Pseudomonas pyocyanea is due 
to the formation of a boron complex of the type suggested, the evidence 
presented points in that direction. It is probable that the differences between 
the flagella in fig. 1 and fig. 3 of PI. 1 are due to the very much greater surface 
area exposed to the action of boric acid in the flagella of fig. 3. Although other 
interpretations of the electron micrographs are possible the viscosimetric com- 
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parisoiis favour the theorj* that a boron complex of the nature described is 
formed. Assuming this, then the Oagella probably consist of aggregates of 
protein molecules bound and surfaced by a polyhydroxylic substance. 

AVc ^vish to thank Prof. J. W. ^IcLeod for suggesting the problem, aUo^Ying one 
of us (J.A.S.) to use the facilities of liis department, and for his helpful advice; 
Dr R. Lees of tlic Venereal Diseases Clinic of the General Infinnarj% Leeds, for Iiis 
co-operation in tlie trial of the boric acid medium; Prof, W, T. Astbury and Mr .A,. 
Millard of the Department of Biomoiccular Structure for their co-operation and 
advice in the production of the electron micrograplis. 
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EXPLiVNATION OF PLATE 

Fig. 1. Electron niicrogmpli of Proteus vulgaris taken from a heated blood-ngar medium 
(10 % blood) containing 0-1 % boric acid after 24 lir. incubation at 37*. Magnincntlnn 
X 33,000. 

Fig. 2. Electron nilcrogropli of supernatant fluid from control suspension showing undU* 
lortcd flagella of Proteus vulgaris. Mngnifleation x 30,000. 

Fig. fl. Electron micrograph of supernatant fluid from boric neid-treated specimen, siiowlng 
alteration in njij>canincc of flagella. Magnification x 33,000. 

Fig. 4. Electron micrograph of stipcmatant fluid from 5]>ocinicn trcntctl witli l)oric add 
after fiirtlicr treatment with IICI. Magnification x2l,000. 


(Bccrfml 28 May 1013) 
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Auxanographic Techniques in Biochemical Genetics 

By G. PONTECORVO 
Department of Genetics, The University, Glasgow 

SUSiaiARY : Details are given of the ‘ auxanographic ’ method for identifying gro^vth- 
factor requirements of micro-organisms, and particularly of mutant strains differing 
from a parent strain in having additional gro\vth-factor requirements. Cells are 
distributed in a nutritionally deficient agar medium Avhich is allowed to set in a Petri 
dish. Possible required nutrients are then spotted on the agar surface, thus enabling 
the corresponding exacting mutants to grow at those localities. The technique is 
only a labour-saving device wliich can be extremely efficient in shortening the pre- 
liminary steps in the w'ork. It can also be applied to other uses, such as the 
identification of competitive interactions between nutrilites. 

Sixty years ago, in 1889, Beyerinck (Beijerinck) described a technique, simple 
and efficient, for the study of the nutritional requirements of micro-organisms. 
The ‘auxanographic’ technique, as he called it, has gone almost unnoticed; the 
present author became aware of Beyerinck’s paper only after having redevised 
the technique, developed it for biochemical genetics, and used it for several 
years (Pontecorvo, 1947). Its efficiency in saving labour and its many uses 
make worthwhile a description of its applications to the study of the genetics 
of micro-organisms and certain other problems. 

On a densely seeded agar plate of a medium lacking a required growth 
factor for a given micro-organism, no visible growth can take place. If, 
however, we place at a point of the agar siuTace a minute amount of the 
missing growth factor, this will diffuse out, and on incubation growth will take 
place in a circular area centred on that point. Instead of a growth response 
other kinds of visible response can be used; Beyerinck suggested, for instance, 
luminescence, secretion of a pigment, etc. 

The technique can be used in reverse, as, indeed, it has been used in Heatley’s 
cylinder assay for penicillin and its numerous variations. If we place a minute 
amount of an inhibitory substance at a point on the agar surface of a seeded 
nutrient medium, a circular clear area without growth, surrounded by a general 
background with growth, will remain after incubation. 

The first kind of test, based on the promotion of growth, could perhaps be 
termed ‘positive’ auxanography; the second, based on inhibition of growth, 
‘negative’ auxanography. The twm are sometimes used in combination, for 
instance, for investigating the mode of action of a metabolite analogue (see 
below), and are suitable for quantitative as well as qualitative tests. An 
example of quantitative positive auxanography is the plate assay for growth 
factors (see below), and an example of quantitative negative auxanography is 
the cylinder assay for penicillin. Qualitative negative auxanography has been 
used by a number of authors especially for detecting the presence of antibiotics 
in culttue filtrates and their spectrum of activity’. Qualitative positive aux- 
anography has been extensively used by’ the present author for a quick 
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clmractcrization of the nutritional requirements of mutnnt strains as compared 
with those of a parent strain; the present paper describes mainly the technique 
of qualitative positive a\ixanography as used for this purpose. 


Qualitative positive auxanography for the screening of nutritional mutants 
With Beadle’s technique, devised originally for Neurospora, but subsequently 
adapted to other moulds, bacteria and yeasts, nutritionally exacting mutant 
strains arc identified as such in so far ns they cannot grow on the simplest 
chemically defined medium (‘minimar) sufficient for growth of the parent 
strain, but can grow on a complex medium (‘complete’) containing a large 
variety of known and unknown organic compounds. After identification, isoln* 
tion, and genctical or other tests, a mutant has to be characterized, i.c. a search 
is made for the simplest growth factor, or combination of growth factors, which 
will make growth possible when added to the minimal medium. In other words, 
there must be identified the growth factor, or combination of growth factors, 
present in the complete medium but not in the minimal medium, which account 
for the growth of the mutant on the former and not on the latter. It is in this 
characterization of the growth requirements of a mutant, particularly in the 
earlier stages, that the auxanographic tests have proved to be invaluable. 


EXPERDIENTAL 

The technique used in the ease of Aspergillus nidulnns w'ill be given here; only 
minor variations arc required for use with other micro'organisms. A» nidulans 
is a filamentous fungus, most naturally occurring strains of whicli grow on 
a minimal medium made up as follows: 25 g. glucose; 15 g. NaXOj; 1*3 g. 
MgSOi.TlIjO; 1*3 g. KCl; S-S g. ini.PO,; lO-O ing. FcSO^.TlIjO; I-O nig. 
ZnS 04 , 7 H 20 ; distilled water 2500 ml. This medium is solidified with 1*5% 
agar. The agar is purified by washing in running water for at least 2 hr. 

The normal strain will, of course, grow equally well or better on complex 
media supplying many additional substances. One of those ‘complete’ media 
is the following: glucose, 10 g.; peptone, 10 g.; ‘Ycastrcl’, 5g.; tap water 
1000 ml. Any brand of peptone or of yeast extract can he usctl. 

With each mutant strain, obtained by one of tlie various tecliniques available, 
a search is made for the substance (or substances) present in the complete 
medium, which is necessary as a supplement to the minimal rnetlium to make 
possible the growth of the mutant on iU 

Petri dishes of minimal medium ngnr are inoculated by adding to the cooled 
(50°) molten agar a heavy inoculum of the strain to be tcstctl. This inoculum 
should secure potential uniform growth in the whole plate; i.c. at least, 
1,000,000 conidia/Petri dish. TIic inoculated plate is incubated for C hr. or 
more to allow the spores to germinate, and after that, minute amounts of 
various substances arc placed in marked positions on the agar surface; a 
straight platinum wire with which each substance bus been just touched pro- 
vides enough material. When one of these substances, or mixtures of substances, 
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is capable of promoting the growth of the mutant, after further ineubation for 
24 Iir. a circular area of growth appears around the position where the 
successful substance has been put. For most purposes the substances to be 
tested need not be sterile; the high concentration at the point of inoculum 
usually takes care of that. 

The auxanographic test is carried out in successive steps by using arrays of 
substances whieh progressively restriet the field of search. In routine work for 
the eharaeterization of mutants it has been found useful to proceed as follows. 
In the first step three materials: vitamin-free casein hydrolysate (Ashe 
Laboratories Ltd.), supplemented with tryptophan; yeast nucleic acid (British 
Drug Houses Ltd.); and ‘Yeastrel’, are tested simultaneously on the same 
Petri dish. The yeast extract is used in even smaller amounts than the other 
two ingredients (see above). Two or three Petri dishes are usually enough to 
give an indication of consistent, as distinct from accidental, response. 

According to the results obtained from the first step, the second step will be 
in one or other direction. For instance, response to casein acid-hydrolysate, 
but not to yeast nucleic acid, and a very small response to yeast extract, will 
suggest the use of various amino-acids in the second step. On the other hand, 
good response to yeast extract, but not to yeast nucleic acid nor to casein 
hydrolysate points to a need for vitamins of the B group. 

It is cheaper and almost as efficient to use in the first step the materials 
mentioned rather than to follow the more precise and reliable method of using 
only mixtures of known chemical compounds, and omitting one or more com- 
ponents in successive tests. After the first step, the successive ones are, of course, 
carried out with known mixtures of chemically defined substances or witli 
single substances. Once a particular substance has been identified as capable 
of promoting growth of a mutant, the further tests for establishing whether 
this is the only one capable of doing so have to be carried out with the usual 
biochemical procedures, though the auxanographic test can go a long way 
towards the identification of the simplest effective substance. 

In view of the particular interest which, at the present moment, centres on 
tlie biosynthesis of polypeptides, tlie use in the first au.xanographic test of 
enzymic partial digests of vitamin-free casein at the same time as casein acid- 
hydrolysate, may be rewarding. Response to the former, but not to the latter, 
would indicate a requirement for a polypeptide. 

An example of the characterization of a mutant of Aspergillus nidulans is 
given in PI. 1, figs. 1-2. The mutant turned out to be one requiring for growth 
the addition of lysine to the minimal medium. Fig. 1 shows tlie response to 
the three materials mentioned before. It is clear that casein acid-hydrolysate 
is cfTective, while yeast nucleic acid and yeast extract are not. Fig. 2 shows the 
subsequent test, i.e. that of a number of amino-acids suggested by the results 
of the first test; there is a clear response to one of them (lysine) but not to any 
of the others. A different mutant gave good response to both casein acid- 
liydrolysate and yeast extract. A response of this kind suggests the efTectiveness 
of both a vitamin of the B group and an amino-acid. Among other compounds, 
nicotinic acid and tr\-ptophan were tested in the second-stage auxanographic 
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test and were both found to be effective. In a third test some of the presumed 
intermediates and precursors of tryptoplian and nicotinic acid were tested, and 
the mutant was found to respond to anthranilic acid, indole, kynurenine aiid 
nicotinic acid (PI. 1, fig. S). 

The auxanographic test can reveal also cases of double requirements (i.e. two 
substances simultaneously required for growth) and cases of inhibition of the 
biological activity of one substance by another. An example of the first kind 
is given in PI. 1, figs. 4, 5, which show the simultaneous effect of aneurin and 
thiosulphate on a mutant of A. nidulans which requires both because of two 
independent mutational changes. The test can be done either, as fig. 4 shows, 
by using cylinders containing the two solutions, or by placing the cr^'stals of 
the two substances directly on the agar surface. In the latter case, a further 
refinement is that of streaking the two substances at right angles; the resulting 
area of growth will be determined by the co-ordinates of the concentrations of 
both substances which arc compatible with growth (PI. 1, fig. 5). 

Another way in which the auxanographic test can be used is in the identifica- 
tion of the inhibitory action of one substance on the biological activity of 
another one. Fig. C (PI. 1) sliowsa test in which the mentioned K'sinc-rcquiring 
mutant of A. nidulans was tested for possible inhibition by arginine. Arginine 
and lysine were streaked on the plate at right angles as uniformly os possible 
along the length of the streaks. The resulting shape of the area in which growth 
took place indicated the mode of inhibition of lysine by arginine. It is clear 
that over a large range of concentrations, the inhibitoiy’ level of arginine was 
independent of the concentration of arginine, but dependent on the ratio of the 
concentration of arginine to that of lysine. In other words, the approximately 
straight line which limited the area of growth from that of inhibition indicated 
that the type of interaction between the two substances was probably a com- 
petitive one. It is clear that in many cases competitive interaction may be 
discovered by this simple procedure, which requires only one or a few Petri 
dishes and overnight incubation. 

Plate assays for groicth factors 

The use of positive quantitative nuxanography for the assay of growth 
factors has been only recently developed in industrial laboratories on a pnictical 
scale, though it had been implicit in the nxixnnographic tests described by the 
author in the last few years (Pontccor\'o, 10 17). Fig. 7 (PI. 1) shows a plate assay 
carried out with a mutmit of A, nidulans wliich rc< 2 \iircs biotin. In this case 
the method used was that of soaking standanl small disks of sterile filter-paper 
in solutions containing various concentrations of biotin and plncitig tlicm on to 
the surface of the agnr. Cylijidcrs, instead of disks of filtcr-papcr, can obviously 
be usctl, JLs well ns any other of the various devices developed for plate ussa\*s 
of antibiotics. The great advantage of positive au.\arjognij>hy as a mcthwl of 
microbiological assay lies in the possibility of using moulds, and especially 
mutants of moulds, which arc at present being i>rodtice<l in large numbers in 
laboratories all over the world, without having to weigh the mycelium In 
estimate the amount of growth. 
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CONCLUSION 

The auxanographic method, adapted to various needs and various organisms, 
can be of invaluable help in many directions, but especially in the char- 
acterization of the nutritional requirements of micro-organisms. It is, obviously, 
only a relatively crude method, and its aim is only that of decreasing the 
amount of labour involved in restricting the field of search for exact nutritional 
requirements. It is probably adaptable to the identification of co-factors 
required by lysins to lyse cells, by bacteriophages to become adsorbed on to the 
host, and by bacterial or- other enzymes to give colour, or other visible, 
reactions. 

I am indebted to Mr E. Forbes for invaluable teclmical assistance. Part of the 
work was supported by a grant for special research from the Department of 
Scientific and Industrial Research. 
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EXPLANATION OF PLATE 

Fig. 1. First step in the auxanographic test; effect of casein acid-hydrolysate (plus trypto- 
phan), yeast nucleic acid and yeast extract. The figure shows a mutant of Aspergillus 
nidulans responding to casein hydrolysate. 

Fig. 2. Second step. Tlie same mutant, tested for response to various amino-acids; response 
only' to ly'sine. 

Fig. 3. A mutant A. nidulans which responded to both casein acid-hydrolysate and yeast 
extract, is tested for response to possible intermediates in the synthesis of nicotinic acid. 
Fig. 4. A ‘double’ mutant of A. nidulans requiring both aneurin and thiosulphate. The two 
substances diffuse out from the cups and growth takes place where the concentration of 
both is above a certain level. 

Fig. 5. Same test as fig. 4, but each substance is laid along one of the two dark lines. 

Fig. 0. The lysine-requiring mutant, of figs. 1 and 2, is tested for a possible competitive 
inliibition by arginine. The lysine was laid along a streak at right angles to the arginine 
streak. 

Fig. 7. Plate assay' of biotin nith a biotin-requiring mutant of A. nidulans; concentrations 
of biotin in /ig./ml. 
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E. (1921). Over een bakterielle vaatbundelziektc der bananen in 
Nederlandsch-Indie. Mededcelingen van hel Jnsliltml voor Planlenziekien, No. 48. 
Batavia. 

ILili., C. J. J. v.\x (1902). Beijdragen tot de kenm's der bakterielle plantenziekten. 
Thesis, Amsterdam University- 






127 


The Assimilation of Amino -acids by Bacteria 

7. The Nature of Resistance to Penicillin in Staphylococcus aureus 

By E. F. gale and A. W. RODAMSLL 
Medical liesearch Cotmcil Unit for Chemical Microbiology, 

Biochemical Laboratory, Unicersilij of Cambridge 

SUMMARY ! Penicillin blocks the assimilation of glutamic acid bj' Staphylococcus 
aureus; the effective concentration of penicillin is of the same order ns that required 
to inhibit g^o^^i,h of the organism whether the culture is sensitive or resistant to 
penicillin. Serial subcultivation in increasing concentrations of penicillin rcsulLs in 
the selection of resistant mutants; as resistance increases, the ability of the cells to 
assimilate glutamic acid decreases. Tljc efficiency of the assimilation process in highly 
resistant cells is poor, but they can synthesize all their nmino*ncid requirements from 
ammonia and glucose. 

Tlie decrease in assimilatory cfilcicncy ns resistance to penicillin increases is 
correlated wth an increase in the ability of the cells to synthesize amino-acids. 
Reverse mutations, having decreased ability to sj-nthesize certain amino-acids, were 
obtained from htglily resistant strains and had increased scnsitlvnty to penicillin. 
Strains of Staph, auretis requiring several amino-acids ns nutrients have been 
‘trained*, by subcultivation in media progressively more dcncicnt in amino-acids, 
to dispense with the addition to the medium of all amino-acids other than cystine and 
histidine; the increase in synthetic ability Avns accompanied by a marked Increase in 
penicillin resistance. 

It is suggested that penicillin interferes wlh the mechanism whereby certain 
nmino-acids arc taken into tlie cell, and that the sensitivity of the cell to j>cnicillin 
is then determined by the degree to which its gro%\'th processes arc dependent upon 
assimilation of preformed amino-acids rather than upon their sjuthesis. 

Presious papers in this series have shown that Gmm-positivc bacteria arc able 
to assimilate certain amino-acids and to concentrate them in the free state 
within the cells prior to utilization (Gale, 1947n; Taylor, 1917). In paren- 
thesis it may be noted that the word ‘assimilation* as used in the present 
and previous papers of this scries denotes tmnsfer from the external environ- 
ment into the cell, and docs not connote incorporation, for example, into 
protein. The free nmino-acids Urns accumulated within the cells provide a 
reservoir which is drawn upon for anabolic processes. The concentnition of 
free amino-acid attained within the cell is determined by the balance between 
the rate at which the nmino-ncid enters the cell nnd the rate at which it is there 
utilized (Gale 6c Mitchell, 1917; Gale, 19l7fc). The passage of nmino-acids 
across the cell wall may be by diffusion ns in the case of lysine, or it may l>e 
by a process requiring cnergs* supplictl by some cxcrgonic metabolism. When 
penicillin is added to a growing, culture of Staph, axtreus, tljc cells become 
progressively less able to assimilate glutamic acid until eventually this nmino- 
acid docs not enter the cell at all. Since tlie utilization of glutamic acitl within 
the cell is unnfTcctcd by penicillin, the inlcmal rcscn*oir is steadily tlcpktcil 
until protein synthesis ceases (Gale Sc Taylor, 1017). Penicillin thus prevents 
the passage of glutamic acid, nnd probably other amino-acids, into the cell. 
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If the antibiotic properties of penicillin are due primarily to its capacity to 
prevent the passage of amino-acids into the cell, it should be possible to 
correlate this effect Avith the acquisition of resistance Avhen organisms are 
subjected to serial subcultivation in increasing concentrations of penicillin. 

Demerec (1945) has studied the acquisition of resistance to penicillin under 
these conditions and has shown that cultures of Staph, aureus contain a small 
number of mutants Avhose resistance is greater than that of the majority of 
the cells. When such cultures are subjected to a concentration of penicillin 
AA'hich limits the growth of most of the cells, a selective growth of the resistant 
mutants takes place. Repetition of the process results in the progressiA’'e 
selection of mutants of steadily increasing resistance. The resistant cells arise 
by spontaneous mutation and not as a result of the action of penicillin on tlie 
bacterial cells; the mutation rate is of the order of 1 in lO’^-lO® generations. 
A preliminary note (Gale, 1947 c) reported that resistant mutants selected 
by cultivation in penicillin are less efficient in assimilating glutamic acid than 
the sensitive parent strains. Bellamy & Klimek (1948 h) trained a strain of 
Staph, aureus to a resistance 60,000 times that of the parent culture and have 
selected mutants Avhich are Gram-negative, pleomorphic and strict aerobes. 
Investigations of the amino-acid metabolism of these highly resistant organisms 
(Gale & Rodwell, 1948) show that they are able to synthesize all their amino- 
acid requirements from ammonia and glucose, although their catabolic 
activities are significantly the same as those of the parent strains. 

In this communication we show that the penicillin resistance of Staph, 
aureus is determined by the degree to which its growth processes are inde- 
pendent of the assimilation of preformed amino-acids. Penicillin prevents the 
passage of such amino-acids across the cell Avail, and consequently protein 
synthesis within the cell is stopped unless the cell is able to synthesize its 
constituent amino-acids instead of taking them preformed from the external 
emnronment. 

Orga?^is^?^s and methods 

The greater part of the Avork described beloAv Avas carried out Avith tAvo 
strains of Staph, aureus: (i) Staph, aureus 6773: a strain isolated from a nasal 
SAA'ab of a patient treated Avith penicillin and haAing a penicillin scnsithuty on 
isolation of 5-9 units/ml. ; isolated and gh^en to us by Dr B. Topley; (ii) Staph, 
aureus 209: obtained from the American Type Culture Collection and sent to 
us by Dr W. D. Bellamy; penicillin sensitiA'ity = 0-05-0'0G units/ml. Other 
strains of Staph, aureus mentioned beloAV AA-ere isolated by members of the 
staff of the Cambridge Pathology Department. 

Preparation of resistant strains. These AA-ere prepared in the usual manner by 
serial subculth-ation in the presence of increasing concentrations of penicillin. 
The highly resistant organism 209 (PcqTss) Avas prepared by Bellamy & Klirnck 
(1948 fe), Avho kindly gaA-e us cultures for these experiments. These highly 
resistant organisms AA'ill groAA- in the presence of 4 mg. crj-stallinc penicillin 
(c. 7000 units)/ml. medium. Commercial crystalline penicillin Avas used 
tlmoughout. 
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Investigation of nutrition of organisms. The nitrogen requirements of staphy* 
lococci were investigated by Gladstone (1937); his methods were followed 
in this work. In general, a complete nutrient medium consisting of salts, 
nicotinamide, aneurin and pure amino-acids (Gladstone, 1937) was prepared 
and components then omitted one at a time to determine the effect upon the 
g^o^vth of the organism. Gladstone also showed that staphylococci can be 
trained to dispense with added amino-acids if these arc withdrawn progrcssiv’cly 
from the medium and their nitrogen equivalent supplied by ommonium ions. 
The same procedure was used to obtain the non-exacting cultures of Staph, 
aureus 209 and 0778 described later in this paper. 

Investigation of ghitamic acid assimUalion. The passage of glutamic acid from 
the external environment into the cells and its accumulation there as the free 
amino-acid was investigated as described previously (Gale, 19t7n; Gale & 
Mitchell, 1047 ; Gale & Taylor, 1947). Quantities of glutamic acid are expressed 
in terms of /il.; 22*4/d. glutamic acid = l/imol. 

Preliminary investigations 

Effect of increased resistance on the blocking of glutamic acid assimilation 

The investigations on the effect of penicillin on glutamic acid assimilation 
(Gale & Taylor, 1947) were carried out with a strain of Staph, aureus sensitive 
to 0*08 unit peniciUin/ml. IVith this organism the assimilation of glutamic acid 
was completely prevented in 90 min. by the addition of 5 units pcnicillin/ml. 
and in 180 min. by 01 unit/ml. In order to determine whether the effective 
concentration of penicillin varied with the resistance of the organism, the 
experiment was repealed with Staph, aureus 0773 trained to a resistance of 
CO units/ml. Penicillin was added to cultures after 31 hr. growth and the 
cultures then left in the incubator for a furtlicr period of 8 hr. — a period 
equivalent to that required in former tests for the limiting concentration of 
penicillin to exert its full effect. The organisms were then Imrv'csted and their 
ability to take up glutamic acid determined as previously described (Gale 
& Taylor, 1947). In this case the assimilation was unnffcclwl by 1*0 unit 
pcnicillin/ml., decreased by 44% in the presence of 10 units/ml., and com- 
pletely prevented by 100 units/ml. It is clear tliat an increase in the resistance 
of the culture as tested by the growth inhibition was accomiianicd by an 
increase in the amount of penicillin needed to prevent the passage of glutamic 
acid into the cell. 

Inhibition of internal metabolism 

Previous studies have sho^sm that penicillin interferes with llic passage of 
glutamic acid across the cell wall. This process was studied by investigating 
altcnitionsin the level of free glutamic acid Avitlun the cell. This level isaffcctctl 
by the rate of passage of the nmino-ncid into tlic cell and by the rale of its 
utilization within the cell (Gale Sc Mitchell, 1947). Consequently If the passage 
of glutamic acid into the cell is to l3c studic<l by tins mclbo<l. it is ncccssarj* 
to inhibit its utilization within the cell. Utilization involves at least two pro- 
cesses: condensation of the amino-.acid, with others, into protein (Gale, 1917/'), 
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and entrance into the ‘metabolic pool’ of the cell, without protein formation 
(Gale & Mitchell, 1947). The protein synthesis takes place only in growing 
cells and can be eliminated by working with well-washed suspensions of 
cells. The remaining metabolism (transfer of glutamic acid to the metabolic 
pool), which takes place in resting and growing cells, can be inhibited by 
suitable concentrations of certain triphenylmethane dyes. The rates of these 
two processes vary with the age of the culture from which the cells are harvested. 
This can be shown (Gale, 1947 fc) by harvesting cells at various times during 
the growth period and estimating: (1) the internal level of free glutamic acid 
directly after harvesting; (2) the level attained within the cell after it has been 
allowed to come into equilibrium, in washed suspension, with an external 
glutamic acid concentration equal to that in the medium during growth; (3) the 
level attained Avithin the cell treated as in (2) but in the presence of a con- 
centration of crystal violet Avhich inhibits the transfer of glutamic acid to the 
metabolic pool. Each level determined. represents the balance between the 
rates of assimilation and utilization under the conditions used. Previous 
experiments of this nature Avere carried out Avith StrejJtococcus faecalis AA^here it 
Avas shoAvn that :{a) the rate of protein formation (represented by level 2 — level 1 ) 
Avas greatest during the early stages of groAvth, fell off during groAvth and 
ceased A\'hen groAvth ceased; {b) the rate of the dye-inhibitable metabolism 
(transfer into the metabolic pool, represented by level 3 — level 2), Avas greatest 
during the later stages of groAVth but fell rapidly after groAvth had ceased; 
(c) the rate of assimilation (represented by level 3) A\’as approximately constant 
throughout the groAvth period. 

In Strep, faecalis the rate of dye-inhibitable metabolism may approaeli half 
the rate at Avhich the amino-acid enters the cell. When similar experiments 
Avere carried out on Staph, aureus it Avas found that the rate of the dye- 
inhibitable part of the glutamic acid utilization Avas much smaller, in com- 
parison Avith the rate of assimilation, in these cells than in Strep, faecalis. 
Staph, aureus is about ten times as sensitive to crystal Auolet as Strep, faecalis 
Avhen judged by the groAA'th inhibition test; inA^estigations on the assimilation 
of glutamic acid in the presence of crystal Auolet in experiments similar to those 
previously described (Gale & Mitchell, 1947) shoAA'cd that a similar internal 
inhibition took place Avith a consequent increase in the level of free glutamic 
acid attained Avithin the cell, but that optimal cITects Avere obtained Avith 
a concentration of dye only 1/50-1/100 of that required ior Strep, faecalis cells. 
In the latter the presence of the dye may result in an increase in the internal 
IcA-el of glutamic acid to 300-400 % of that attained in the absence of dye; in 
Staph . aureus the increase in level is 5-15 % of that attained in the absence of dye. 

Fig. 1 shoAvs the curA^es obtained for internal glutamic acid levels, determined 
under the three conditions described aboA'e, for Strep, faecalis and Staph, 
aureus. The picture of glutamic acid utilization differs in the tAvo organisms. 
In Staph, aureus the rate Avhich it is built into protein is nearly equal to the rate 
of uptake of glutamic acid in young cultures, so that little free glutamic acid 
accumulates in such cells ; this rate decreases as groAvth continues, so that the 
amount of free glutamic acid in the cell increases and reaches a maximum IcA'^el 
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at the end of growth when protein formation ceasc-s. At all times during the 
growth phase the rate of the utilization process which is inhibitable by dye, 
i.c. transfer to the metabolic pool, is small in comparison with the rate of 
uptake of glutamic acid. 

Strep, faecalis Staph, aureus 

700] 


600 



°3 ^ 5 6 0 ■T'-i0 11 n iFi< 

Hourj of growth at 37® 

Fig. 1. Utilization of glutamic acid by Strep. faecaUs anti Staph, aureus. Cun*c^ represent 
internal level of glutamic acid {/tl./100mg. ccU$) in cclJ«: (1) x — x hnrtxsted from 
groivth medium contnining 200 /il. glutamic ocid/ml. (2) 0—0 Inculinicd for I Iir. ol 
37® in washed suspensions in salt solution containing 1 % glucose and ilOO /tl. glutamic 
acid/ml. (3) • incubated for 1 hr. at 37® In washed Ru^i»ension in Kilt solution 

containing 1 % glucose, 200 /<!. glutamic ncid/ml. and cry.stal siolct at n final con* 
centration ly 10* (or Strep. faecaUs and 1/10® for Staph, aureus. Hate of ‘wndensation 
of glutamic acid into protein in comparison with rate of avsimilation is given by (2~1)* 
Uate of entry of glutamic acid Into metabolic pool, in comparison w itU rate of a-ssimila* 
tion, given by (8-2). 

In order, therefore, to study the process whereby glutamic acid passes across 
the cell wall, preparations of cells were made by Imrs’csling cells from G-i lir. 
cultures, washing them in water and then treating the washed cells, in a 
suspension containing c. 1-2 mg. dry weight of cclls/ml., with crystal violet in 
final dilution 1/10". In such cells ghilamic acid enters the cell until a steady 
state is obtained, and the level attainctl svithin the cell is detennined bj the 
ability of the cell to maintain a dilTcrcncc in concentration across the cell wall 
and is not alTcctcd by internal metabolic processes. 

The assimilation process in cells ofdijferins resistance to penicillin 
Concentration {>radient across cell xcall 

Tavlor (1947) showed that the ability to concentrate glntamic acid inside 
the cells differs in different micro-organisms. All the Grarn-positive bactena 
examined have exhibited this ability, and, of the species studi«I, strains of 
Staph, auretts cfTcctcd the highest internal coiiccnlralion for a given external 
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concentration. It was thought that the sensitivity to penicillin might be 
correlated with this ability to concentrate glutamic acid across the cell wall. 
To test this, a number of bacteria of differing penicillin sensitivities were 
grown, and washed suspensions of cells treated with crystal violet were 
prepared as described above. These cells were then incubated for 1 lir. at 37° 
in a suitable buffer mixture containing 200/il. glutamic acid/ml, and 1% 
glucose as energy source; after incubation the internal level of free glutamic 
acid was determined as previously described (Gale, 1947c). Table 1 shows 

Table 1, Penicillin resistance and internal conaentration of glutamic aoid 

Organisms grown for 8 hr. in medium B (Gale, 1047a) harvested and washed in water; 
suspended for 1 hr. at 37® at a suspension strength of approx. 1 mg. drj’ weight of cells/ml. 
in buffer-salt solution containing 200 /ii, glutamic acid/ml., 1 % glucose and crystal violet 
to a final dilution of 1/1,000,000 for Staph, aureus and B. subiilis or 1/10,000 for Strep. 
/aecah's; cells then washed in water and internal glutamate concentration assayed. 




Groui;h inhibition test 

Internal 



(units pcnicillin/ml.) 

coneentration of 



1 

A 

\ 

glutamic acid 

Organism 

Strain 

Growth 

No growth 

(//l./lOO mg. cells) 

Staph, aureus 

563 

002 

004 

1105 

B. subiilis 

St. 

004 

006 

20 

Staph, aureus 

209 

005 

008 

5G0 

Staph, auretts 

D 

OOG 

008 

CCO 

Strep, faecalis 

ST 

00 

8-0 

534 

Staph, aureus 

0773 

50 

100 

880 

Staph, aureus 

6773 

15 

20 

880 

Staph, aureus 

0773 

00 

70 

750 

Staph, aureus 

0773 

250 

800 

740 

Staph, aureus 

0773 

2000 

4000 

70S 

Staph, aureus 

0773 

6000 

— 

0 

Staph, aureus 

209(PgoT,s) 

7000 

— 

0 


that there is no correlation between the internal levels attained and the 
penicillin sensitivity as determined in the growth inhibition test. The organism 
6773 ivas trained to a final resistance of 6000 units penicillin/ml. and tested 
at various stages during the training process. It can be seen that the internal 
level docs decrease slowly as resistance increases, but this decrease bears little 
relation to the increase in penicillin resistance. It will be seen below that the 
ability to assimilate glutamic acid decreases as resistance increases and that 
tlje falling internal levels shown in Table 1 may be a reflexion of the fact that 
the internal environment is not saturated in the cells of high resistance. At the 
highest penicillin level (GOOO units/ml.) the cells became Gram-negative, and 
it was no longer possible to determine any free glutamic acid within the cells. 
These results accord with the findings of Taylor (1947) that free amino-acids 
are not concentrated within Gram-negative cells. 


Dependence of internal concentration on external concentration 

In earlier studies on the assimilation of glutamic acid by Strep, faecalis, 
curves were given showing the dependence of the internal concentration on the 
external concentration (Gale, 1947fl). These curves were, however, determined 
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■with washed cell suspensions, and the internal levels found were affected by 
internal metabolic processes, l^lieu the cur\'es are redetermined using dye- 
treated washed cells, they then assume the shape shoum in Fig. 2. The internal 
concentration of glutamic acid is independent of the external concentration 
except for very low values of the latter. Fig. 2 shows cuives obtained for 
Strep, faecatis (cf. Gale, 1917n, Fig. 8) and for Staph, aureus. The values 
attained at saturation are different in the two species of cell, but it is improbable, 
as shown above, that this is a factor in determining penicillin sensitivity. 



fj. (tuUtAK tOiftnU «mm»t efl»lronm«nt 

Fig. 2. KclaUon between internal anil external glutamate concentration. Ccll^ Imrvcsled 
from deficient medium, washed and treated with crj’stul violet to Inhibit internal 
metabolism, inc»ibatcd for 1 hr. in presence of 1% glucose and glutamic acid at con^ 
eentratlons shown, and internal level of free gUitnmic acid then assayed. 

Further, the slope of the curve relating internal concentration to external con- 
centration for low values of the latter is sleeper for tlic Staph, aureus than for 
the Strep. farcaJis strain used. This means that Staph, aureus effected a more 
cfllcicnt concentration of glutamic acid at low cxlcnml concentrations than 
Strc 2 ).faccaUs. Thcx9mp/». nrirnu strain iisctl is sensitive toO*OSimitpcnici!lin/ml., 
while the Strep, faecalis strain is resistant to 5 units penicillin/ml. As a measure 
of the slope of the concentration curv'c, avc have dcfinctl the ‘nssimilntiou 
constant’ as that external concentration which gives rise to an internal con- 
centration equal to half that attained at saturation. The reciprocal of the 
assimilation constiint is thus a measure of the ability of the cell to assimilate 
glutamic acid. 

Variatioti of^ossimifation constant* xeith pejiicillin resistance 
Fig. 3 shows the internal conccntnition curves, cxprcssctl as jKrccnlage 
internal saturation, for organisms of dilTcring penicillin sensitivity. The 
organisms were grown as usual for Chr., liarv’cslctl, washed, trcateil willi 
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crystal-violet and the usual suspensions made. The internal level of glutamic 
acid was determined over a range of external concentrations. Wlien the 
external concentration is small, assimilation maj”^ result in a lowering of the 
external concentration; to avoid significant alterations of this nature, the cells 
were suspended in large volumes of solution such that the suspension contained 
0'2-0-5 mg. dr}'^ weight bacteria/ml. 



Fiff. 3. Variation of assimilation constant with penicillin resistance. Penicillin resistance 
as determined by e^rowth inhibition test is shown in iinits/ml. at the top of each curve. 
All cun'cs e- ' ’’ broken one — refer to Staph, aureus strains. 
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The resistant organisms obtained from both strains arc highly pleomorphic, 
strictly aerobic and Gram-negative (see PI. 1). Tlie general properties and 
amino-acid metabolism of these organisms have been described by Bellamy 
& I'Qimck (1948 fc) and by Gale & IlorlwcU (1918), respectively. The amino-acid 
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Fig. 4. nelAtion between value of assimilation con’stnnt nml log of j)enlcillin rcsl-^tancc 
expressed in units/iOO ml. • Staph, auran. O U. suUiU’S. .3 Strrp, Jaecaiit. 
(Onlinntc=assimiInUon constant expressed in /il. plulnmic neiil/ml.). 


breakdown by the two resistant organisms is significantly the same as that 
accomplished by the parent strains; all four organisms possess arginine 
dihydrolasc and urease to approximately the same degree of activity. 

Jlflation brt-j^een amino-aeW st/nthrsis and pcnicilUn rnistance 
Synthriic abilities of Staphylococcus aureus jm/fanls obtained by penidtiin- 
training jnoccdures 

The nutritional requirements of the various strains of Staph, aureus obtained 
in tins work were studied by the method of Gladstone (1937). Gale Sc Ilo<lwcll 
(1918) found that, while the parent pcnieillin'Scnsilivc strains of Staph, aureus 



134 


E. F. Gale and A. W. Rodwell 

crystal-violet and the usual suspensions made. The internal level of glutamic 
acid was determined over a range of external eoncentrations. When the 
external concentration is small, assimilation may result in a lowering of the 
external concentration; to avoid significant alterations of this nature, the cells 
were suspended in large volumes of solution such that the suspension contained 
0-2-0-5 mg. dry weight bacteria/ml. 



Fig. 3. Variation of assimilation constant •with penicillin resistance. Penieillin resistance 
as determined by gro^rth inhibition test is shown in units/ml. at the top of each curve. 
All curv'cs — except the broken one — refer to Staph, aureus strains. 

Determinations were first carried out with four strains of Staph, aureus of 
differing penicillin resistances. Fig. 3 shows that the value of the assimilation 
constant increases with the penicillin resistance. In order to determine whether 
this was a true correlation, the organism 6773 of resistance 15 units peni- 
cillin/ml. was trained by the usual method to an ultimate resistance of 6000 
units/ml., and the assimilation constant was determined on cells having levels 
of resistance of 15, 60, 250, 2000 and 4000 units/ml. respectively. Fig. 3 shows 
that the assimilation constant increased markedly as the resistance increased. 
Fig. 4 shows the correlation between the value of the assimilation constant and 
the log of the penicillin resistance for the various organisms tested. iMost of the 
points were determined with Staph, aureus, but values obtained for a sensitive 
Bacillus subtilis and a moderately resistant Strep, faecalis appear to fall on the 
curve obtained with the staphylococci. It is clear that the assimilation constant 
increases rapidly with penicillin resistance. Consequently the ability of the 
cell to assimilate glutamic acid decreases as the resistance increases; serial 
subcultivation in penicillin selects resistant cells from the culture, and these 
cells have less efficient assimilatory mechanisms than the sensitive parent cells. 

Nature of the highhj resistant cells 

When the resistance of Staph, aureus 6773 is increased from 2000 to 6000 
units/ml., the cells undergo changes in morphological, cultural and staining 
characteristics as described by Bellamy & Ivlimck (19485) for Staph, aureus 209. 
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The resistant organisms obtained from both strains are highly pleomorphic, 
strictly aerobic and Gram-negative (see PI. 1). The general properties and 
amino-acid metabolism of these organisms have been described by Bellamy 
& Idimch (lOlSb) and by Gale & Rodwcll (1948), respectively* Tlic amino-acid 
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expressed in units/lOO ml. Slaph. aureus. O U. subliJi^. y) 6’trrp./ncffl/««. 
(Ordin.itcsanssimUatlon constant expressed In /il, glutamic ncld/ml.). 


breakdown by the two resistant organisms is signincnntly the same as that 
ncconiplishcd by the parent strains; all four organisms possess arginine 
dihydrolasc and urease to approximately the same degree of activity. 

Itclaiion beltccen amwio-on'd synthesis and pemdltin resistance 
Synthetic abilities of Staphylococcus aurcu.s obtained by prnteidin- 

frnining procedures 

The nutritional requirement*; of the various strains of Staph, aureus oht.ijnwl 
in this work were studied by the tnelhod of Gladstone (1937). Gale Sc Rodwell 
(1948) found lliat, while the p.arenlpcnicillin-scnsitive strains of aureus 
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6773 and 209 were exacting towards nicotinamide, aneurin and a range of 
amino-acids, the highly resistant organisms obtained therefrom could grow in 
a medium containing salts, ammonium ions, glucose and aneurin. 

Table 2. Relation between synthetic abilities and penicillin ■ 
resistance in Staphylococcus aureus 

Mutants were seleeted by training in the presence of penicillin. 

Nutritional requirements investigated as described by Gladstone ( 1037 ) 

-b = presence essential for gro^rth in same time as in complete medium; no gro^^'th takes 
place in absence. 

— = presence not essential for gro'wth in same time as in complete medium.. 

(88) etc. = in absence of the given amino-aeid, gro^^■th equal to that in complete medium 
took place after a delaj' of 88 etc. hr. 


Organism 

0773 

6773 

6773 

209 

209 

209 

209 

Gram reaction 

+ 



4- 


(reverse mutants) 
4“ 4- 

Penicillin resistance: 

after 30 hr. 

5 

2000 

6000 

005 

7000 

400 

1000 

after 88 hr. 

0 

2000 

6000 

005 

7000 

8000 

1700 

Nutrients : 

Nicotinamide 

+ 

4- 


4- 




Aneurin 

+ 

+ 

+ 

4- 

4- 

+ 

+ 

Proline 

(88) 

(88) 

— 

4- 

— 

(88) 

(64) 

Histidine 

-1- 

+ 

— 

4- 

— 

(04) 

(04) 

Valine 

+ 

+ 

— 

4* 


(88) 

(88) 

Glycine 

+ 

(88) 

— 

4- 

— 

(ICO) 

+ 

Glutamic acid 

(40) 

— 

— 

— 

— 

(04) 

— 

Aspartic acid 

+ 

(04) 

— 

4- 

— 

(ICO) 

(04) 

Leucine 

(40) 

(40) 

— 

4- 

— 

— 

— 

Cj’stine 

+ 

+ 

— 

4- 

— 

+ 

+ 

Phenylalanine 

(40) 

(04) 

— 

— 

— 

— 

— 

Arginine 

+ 

+ 

— 

— 

— 

+ 

+ 


Table 2 shows the nutritional requirements of these organisms and of other 
mutants obtained therefrom. The organism selected from Staph, aiireus 6773 
at a resistance level of 2000 units/ml. is a pigmented, Gram-positive Staph, 
aureus with nutritional requirements intermediate between those of the 
sensitive parent strain and those of the highly resistant non-exacting organism. 
Thus the organism resistant to 2000 units is completely independent of pre- 
formed glutamic acid and will adapt to the absence of glycine and aspartic acid 
in 88 and 04 hr. respectively, while the parent organism cannot dispense with 
either glycine or aspartic acid and adapts to the absence of glutamic acid 
in 40 hr. 

Table 2 also sets out the nutritional requirements of two organisms obtained 
by reverse mutation from the highly resistant 209 (PcoTsj). These organisms 
were isolated by the procedure described by Bellamy & Klimek (19481/) and are 
pigmented Gram-positive Staph, aureus. Wiien tested for penicillin resistance 
bv the usual method involving incubation for 3G hr, the two organisms arc 
resistant to 400 and 1000 units/ml. respectively. Likewise their nutritional 
requirements are wide on initial incubation. On continued incubation, how- 
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ever, they adapt to the absence of several amino-acids: presumably the 
experimental procediu"c results in the selection of less exacting mutants 
(i.e. better amino-acid sjmthesizers). On initial test both organisms required 
prolinc, histidine, valine, aspartic acid, cystine, glycine and arginine vliile the 
organism resistant to 400 units/ml. also required glutamic acid. After SS lir. 
incubation g^o^vth of the same organism occurred in the absence of prolinc, 
histidine, valine and glutamic acid, whereas the 1000-unit organism no longer 
required preformed prolinc, histidine, valine and aspartic acid. At the same 
time, tlie resistance of both organisms had approximately doubled. 

The highly resistant 200 (P«oT 3 s) organism can synthesize nicotinamide, and 
this ability is retained by the reverse (i.c. amino-acid requiting) mutants. It 
is interesting that whereas the initial parent 209 does not require abided aiginine, 
both reverse mutants tested have lost the power of synthesizing arginine. 

It appears from the data in Table 2 that the penicillin-resistant organisms 
have high synthetic abilities; that penicillin training results in the selection of 
synthetically competent cells; and that reverse mutation to a more sensitive 
form is accompanied by loss of synthetic ability, the sensitivity of the reverse 
mutants depending upon the degree of synthetic competence. These results 
correlate well with the previous findings that increase in penicillin resistance 
is accompanied by decreased ciTiciency in amino-acid assimilation. 

Penicillin resistance of non^exacting mutants o/ Staphylococcus aureus 

Gladstone (1937) showed that nutritionally non-cxacting strains of Staph, 
aureus can be obtained from exacting strains when the organisms arc serially 
subcultivated in medium from which essential amino-acids are progressively 
withdrawn. Using the technique described by Gladstone we have cndcavourctl 
to train the strains C770 and 209 to synthesize their amino-acid requirements 
from ammonia and glucose. It has been jiossible to train both strains to 
dispense with the addition of all amino-acids other than cysteine and histidine. 
Gladstone recorded that some strains can dispense with cysteine if provided 
with thiolacetic acid, but wc have not been able to accomplish this change witli 
the two organisms under investigation. The penicillin resistance of the com- 
paratively non-exacting cultures was dctcrmincxl as usual and comparctl with 
that of the exacting parent cultures. Table 0 shows tlint the non-exacting 
mutants selected by the nutritional restriction procedure have much higher 
resistance than the parent strains; in the case of Staph, aureus 209, the parent 
strain requires seven amino-nclds and is sensitive to 0 03-0 00 unit peni- 
cilltn/ml., while the mutant, which requires only cysteine and histidine as 
amino-acid nutrients, is resistant to 250 imits/ml. 

DISCUSSION’ 

Tlic early studies on assimilation of glutamic acid by Staph, aureus showed that 
the addition of penicillin to the medium during growth w.as followed by an 
impairment of tlie assimilation process which eventually lc<l to n complete 
cessation of the p.assagc of the amino-acid into the cell (Gale S: Taylor, 1947). 
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The amino-acid which accumulates within the cell acts as a reservoir which is 
drawn upon for anabolic processes, so that, when the entry of the amino-acid 
is prevented, the reservoir is depleted and anabolic processes cease. When the 
culture is serially subcultivated in increasing concentrations of penicillin, 
resistant mutants are selected, and the higher the resistance of these mutants, 
the less efficient is their assimilation of glutamic acid. Growth of a cell involves 
synthesis of protein and consequently the provision of its constituent amino- 


Table 3. Relation between synthetic abilities and penicillin- 
resistance in Staphylococcus aureus 
Mutants obtained by training in depleted media (Gladstone, 1937) 


Organism 

6773 

6773 

209 

209 

Penicillin resistance 
(units/ml.) 36 hr. test 

Nutrients required: 

5 

100 

000 

250 

Nicotinamide 

-1- 

-t 


+ 

Aneurin 

-t 

+ 



Proline 

-t 

— 




Histidine 

-t 

+ 

+ 

+ 

Valine 

+ 

— 

+ 


Glycine 


- 


— 

Glutamic acid 

+ 

— 

— 

— 

Aspartic acid 

-t 

— 

"f 

— 

Leucine 

-1- 

— 

+ 


Cystine 

•t 

-f 

4* 

4* 

Arginine 

-t 

— 

— 

— 


acids; such provision can be made either by synthesis or by assimilation of 
preformed amino-acids from the external environment. If a cell loses the 
ability to synthesize a given amino-acid, then the growth of that cell becomes 
dependent upon its ability to assimilate that amino-acid preformed. The 
resistant mutants are less able to assimilate glutamic acid than the sensitive 
ones, and cells selected for high levels of penicillin resistance are those with 
small assimilation efficiency. If these cells are to grow, they must be able 
to synthesize the amino-acids which they are unable to take from the en- 
vironment; if the penicillin resistance is pushed to its limit, then it follows 
that the cells then selected must be able to synthesize all those amino-acids 
whose assimilation is prevented by penicillin. 

The assimilation studies have been restricted to glutamic acid, since this is 
the only amino-acid which can be elTcctivcly studied by the present technique 
(Gale, 19-17 o). It has always been considered possible that the effects studied 
were symptomatic of general changes in assimilatory processes rather than 
specific for glutamic acid. The results given in the latter part of this paper 
support this. The increase in penicillin resistance is correlated with a decrease 
in the abilitv to assimilate glutamic acid, but when we examine the synthetic 
abilities whicli enable the organism to overcome the assimilation impairment, 
we find that there is a general gain in the ability to synthesize amino-acids, 
while glutamic acid itself appears to be comparatively unimportant. For 
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example, glutamic acid is not an essential nutrient for Staph, aureus 209 at 
any stage. Glutamic acid is taken into the cell by an active process requiring 
energy, and the information at our disposal suggests that many otlicr amino- 
acids are assimilated in a like manner, c.g. aspartic acid and histidine (Gale, 
1947a). The passage of lysine into the cell is a physical process not requiring 
a eoncomitant energy-yielding process, and may be exceptional; the assimila- 
tion of lysine is not prevented by penicillin (Gale Sc Taylor, 1947), and lysine is 
not an essential nutrient for the organisms studied here. 

It seems probable that penicillin acts by preventing the passage across the 
cell wall of those amino-acids whose migration involves an active process. 
Resistant mutants are those whose growth is less dependent upon this kind of 
assimilation and whose ability to make protein escapes from the restriction 
imposed by penicillin, by synthesizing amino-acids instead of assimilating 
them preformed from the environment. ICnight (1930) and Lwoff (194»3) have 
both put forward the hypothesis that organisms become nutritionally exacting 
as a result of prolonged growth in media rich in the essential growth factors 
and amino-acids; growth is supposed to proceed more cfTcctivcly by the 
assimilation of preformed protoplasmic components rather than by synthesis, 
and in due course, the synthetic abilities arc lost by disuse. The action of 
penicillin is to reverse this process. 

The facts presented in this communication Imvcbccn obtained with mutants 
of Staph, aureus, and it is important to determine whctlicr the results are 
applicable to other organisms, to explain difTcrcnccs in penicillin resistance 
between genera and species. Table 4 presents data, gathered from the literature, 
concerning the nmino-acid requirements and penicillin sensitivity of a variety 
of organisms. It can be seen that there is general ngrccjncnt with the h^qjo- 
thesis that penicillin sensitivity can be correlated with the dependence of the 
growth process on preformed amino-acid assimilation, i.c. Umt the more 
synthetically competent tlic organism, the greater its resistance to penicillin. 
The assimilation studies so far described have been carried out with Gram- 
positive organisms, sincc.tlic ability of these organisms to concentrate amino- 
acids within the cell has ])rovidcd the point of experimental attack. 

The nutritional requirements of certain Gram-negative orgjinisms indicate 
that these must also be able to assimilate some preformed nmino-ocids, although 
sxich assimilation Is not accompanied by an internal concentration of the free 
nmino-acid prior to further iitiliziition. The Gram-positive group of bacteria is, 
in general, highly exacting towards amino-acids and sensitive to penicillin; 
but within the Gram-negative group we also find degrees of disability in arnlno- 
ncid synthesis, and tlicrc is again a correlation between the degree of synthetic 
disability and sensitivity to penicillin. 

TIic question arises, to what extent is this prevention of assimilation pro- 
cesses the primary point of action of penicillin? Penicillin only kills cells that 
arc growing in its presence; the assimilation process is hlocketl only when the 
cell grows in its presence. This suggests Uuit the primary action of |>cnicilHn 
is to inhibit the formation of a substance whose synthesis is essential for the 
assimilation process to occur. If nutritionally exacting cells an? to grow— jji 
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EXPLANATION OF PLATE 

Fig. 1. Staph, aureus 6773, parent strain; Gram stain; photographed through green filter. 
Jlagnification x4S00. 

Fig. 2. Higldy resistant organism derived from Staph, aureus 6773 ; Gram stain ; photographed 
through green filter. Magnification x 4800. 

Photomicrographs by V. C. NorQeld, Strangeways Research Laboratory, Cambridge. 


(Received 15 June 1948) 
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The Utilization of Pyridine by Micro-organisms 
ByF. W. MOORE 

Department of Bacteriology, University of Binningham 

SXBUL\RY: Soil-cnricbmcnt cultures iu a medium containing 0«1% (v/v) pjTidine 
as thcsolc organic compound gave plate counts of more than 1000 million organisms/ml. 
Organisms of the genus Proaclinomyces were aMc to utilize pjTidinc, aniline, nicotinic 
acid, nitrobenzene, or phenol + ammonium Ion as sole source of carbon, nitrogen 
and cnergj'. 

Very little is kno^m of the decomposition by micro-organisms of simple cyclic 
compounds. The fact that such compounds do not accumulate in the soil 
indicates that degradation must occur. The chemical stability of such elementary 
six-inembcrcd ring compounds as benzene and pyridine is u ell knoum, and it is 
tmlikely that any decomposition takes place in the soil as a result of purely 
chemical action. The. occurrence of the p>Tidinc ring in the form of nicotinic 
acid or its derivatives appears to be universal in living cells. Co-enzymes I and 
II each contain the nicotinamide moiety as an essential part of their molecules. 
The quantities of p>Tidinc ring compounds which arc rcturne<l to the soil on 
the death of animal and vegetable cells arc extremely difTicult to estimate, but 
it can be assumed that there is a steady supply of such compounds avnilalde 
for decomposition. 

References to the dissimilation of pyridine by micro-organisms arc few, 
Buddin (1914), when attempting to sterilize soil by the use of a pyridine 
solution, found tliat the pjTidinc was rapidly broken down by micro-organisms. 
Funchess (1917) showed that nitrinention, using p\Tidinc, occurred in soil; 
pyridine was almost as good a source of nitrogen for com and oats as sodium 
nitrate. Robbins (1917) demonstrated that the bacterial content of soil rose 
rapidly after the addition of 0-1 % pyridine. He isolated a species of Imclcrium 
which was capable of growing in a medium containing pjTidine as the sole 
source of nitrogen, den Dooren dc Jong (1020) found that pjTidinc could he 
used ns the sole source of nitrogen by Aerobacter aerogenrs, Serrafia marceserns 
and Bacterium hcrbicola. OstrofT & Henry (1039) reported the nlilizjilion of 
pjTidinc ns a source of nitrogen by three species of marine bacteria. Koscr 
& Baird (10 U) studied the growth of bacteria on a medium which incliideil 
nicotinic acid or closely rclatwl compounds. They found organisms of tlic 
Pseudomonas Jluorcseens cap.ablcof using nicotinic acid as thcirsolc source 

of carbon, nitrogen and cnorg\’. Serrafia marcescens and rclalcti species u ere able 
to grow on a similar medium having (NIIJjUPO* ns the nitrogen source. None 
of these organisms was able to grow when pjTidinc replaced the nicotinic acid. 

Experimental methods 

Medium, The basal culture mciliuinxisctl for most of the work was a tno<lific.a- 
tion of that used by Gray & Thornton (1928): KjHPO|, 1*0 g.; MgSO|.7lI.O. 
0-2 g.; NaCl, 01 g.; CnCi,, 0-1 g.; (NlI,)-SO, or KNO^, 1-0 g.; pyridine A.R.. 
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1-0 ml.; dist. water to 1000 ml. The pH was adjusted to 7-2-7-4., and the 
medium sterilized by autoclaving for 20 min. at 15 Ib./sq.in. pressure. Solid 
medium was prepared by adding 400 ml. of 5 % agar (well-washed) to GOO ml. 
of the basal medium. Occasionally the composition of the medium was modified 
by the omission of the inorganic source of nitrogen, or by varying the percentage 
of pyridine. 

Preliminary enrichment 

Five g. of garden soil were shaken with 50 ml. of quarter-strength Ringer’s 
solution. After standing for 5 min., 1 ml. of this suspension was added to 100 ml. 
of the basal medium, which included ammonium sulphate, and another 1 ml. 
was added to 100 ml. of the basal medium containing potassium nitrate. These 
liquid cultures were incubated at room temperature (15-20°) for 7 days. 

Examination of stained and unstained preparations sliowed large numbers 
of non-motile, much-branched filamentous organisms, and smaller numbers of 
motile rods, non-motile cocci and Protozoa. These mixed cultiues were sub- 
cultured by transferring one loopful of the liquid to 20 ml. of basal medium 
containing either (NH 4 ) 2 S 04 or EiNOg. This subeultivation and enrichment 
was carried out four times, the cultures being incubated at room temperature 
for 5 days. 

Isolation 

Decimal dilutions to 1/10,000,000 of the final enrichment cultures were 
prepared in sterile quarter-strength Ringer’s solution. Two drops (c. O-l ml.) 
of each dilution were spread over the surface of previously poured and surface 
dried plates of Lemco nutrient agar, which were incubated at room temperature 
for 10 days. Plates prepared from the highest dilutions (1/10,000,000) averaged 
15-20 colonies/plate, indicating that the final enrichment cultures contained 
at least 1500 million organisms/ml. Isolated colonies were subculturcd on 
Lemco agar slopes, and the resulting growths Avere again subcultured into the 
basal p\T:idine medium Avhich included the same inorganic source of nitrogen 
as the enrichment culture from which the organism was isolated. Tavo more 
subcultures into the pjTidine medium were carried out at 5-day intervals to 
minimize the carrj'-over of organic matter from the Lemco agar. Tubes showing 
visible growth were then subculturcd into the basal medium AA'ithout the 
inorganic nitrogen. 

Identification 

The organisms forming colonies on Lemco agar plates were classified by 
microscopical and cultural examination, as folloAA’s: Proactinomyces, c. 40%; 
Gram-negative rods {moArdy P seudomonas sp.), c. 30%; Actinomyces, c. 15%; 
Gram-positive cocci and rods, c. 15%. 

When these organisms were inoculated in pure culture into the pjTidine 
metiium, almost cverv organism shoAved some growth in the first subculture. 
This Avas probabU* due to the fact that the initial inoculum AA'as hcaA'y and that 
a small quantity of organic matter was carried OA'cr. It AA-as found that all the 
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Proactinornyces organisms were capable of continued groutU in tlie basal 
pyridine medium, whereas none of Uic oUier organisms would grow in pure 
culture in it, even when an inorganic nitrogen compound was also present. The 
large number of organisms of the Pseudomonas tJTie found in the final enrich- 
ment cultiures suggests that, once the pyridine ring is broken by the Pro- 
actinoniyces species, the pseudoinonods arc able to utilize the decomposition 
products as sources of carbon, nitrogen and energy. 

There were two distinct groups of Proactinornyces present. The first group, 
which included about ten morphologically distinct types, was characterized by 
the production of a small, rather unstable, branched mycelium, which appeared 


Table 1 . Effect of pyridine concentration on the groxvth of Proactinornyces 

The results were classidcd by \isuM examination into four degrees of Uirbidlty: — no 
visible gro\rth; + slight growth; + + medium g^o^rth; -i- + -f heusy growth. 

Duration of incuhalion (<Inys) 
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granular when stained by Gram’s method. Surface colonics on I^cmco agar 
were pinkish, glistening and easily emulsified, A hca\'>' sediment was producctl 
in liquid culture. The second group, the various strains of which closely 
resembled one another, produced a relatively stable, much-branched and 
matted mycelium. Surface colonics were white, dull, waxy and dillicult to 
emulsify. In liquid culture, a jwUiclc of the ‘powdered chalk’ type was pro- 
duced, together with a flocculcnt growth which occasionally adhered to, and 
formed colonics on, the inner surface of the lube. 


Gro’sth in various conccntratiotis of pyridine 
The basal medium was modified by omitting the inorganic source of nitrogen, 
and by adding p>Tidine to give the following percentage (v/v) concentrations: 
0 05, 010, 0-15, 0-20, 0*25, 0-80, 0-3.», 0*40, 0*45 and 0-50. /VII the strains of 
organisms utnizingpjTidinc were subcuUurctl from 4-d.'iy cultures in 0*10% (v/v) 
pjTidine medium into the liquid media of varied pjTidinc concentration. Tlic 
results are shown in Table 1. All strains seemed to follow the same pattern, 
growth being more rapid in the lower concentrations and reaching a maximum 
after 5 dn)*s. As tlic concentration of pyridine was increased, the milinl lag 

to 


cutitt 
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period was extended. In the case of 0-50 % pyridine, no growth was visible for 
21 days, and a maxirnum was not reached until 70-90 days. 

The remainder of the investigation was caonried out on two strains of Pro- 
actinomyceSi one from each of the two groups mentioned earlier. The basal 
medium was modified by the substitution of other cyclic compounds in the 
place of pyridine. The concentrations used were 0-10 % (w/v) of phenol and of 
nicotinic acid, and O-IO % (v/v) of aniline and of nitrobenzene. Both organisms 
were able to use the cyclic compound as the sole source of carbon, nitrogen and 
energy for their growth, except in the case of phenol, which was utilized ^yhen 
0-1 % ammonimn sulphate was added. 

. Some products of metabolism 

Crystals formed in liquid cultures of each type of organism; these crystals 
gave positive reactions for calcium and oxalate. As the carbon: nitrogen ratio 
of pyridine is approximately 4:1, it is unlikely that the organisms assimilate 
all the nitrogen present in the medium. Microcliemical tests for nitrate, nitrite 
and hydroxylamine gave uniformly negative results at all stages of growth. 
The progressive production of ammonia was demonstrated by the use of 
Nessler’s reagent. 

DISCUSSION 

Previous evidence of the growth of pure cultmes of micro-organisms in media 
containing unsubstituted six-membered ring compounds as their sole source 
of carbon and energy has been provided by Tausson (1929), who demonstrated 
that benzene was utilized by an organism which he called Sact. benzoli. Grant 
& ZoBell (1944), using absorption of oxygen as evidence of growth, reported 
that certain marine bacteria could utilize benzene. 

The stability of unsubstituted aromatic compounds to microbial attack has 
been noted by many workers. ZoBell (1948) states that ‘aromatic and naph- 
thenic hydrocarbons having side-chains appear to be attacked more readily 
than similar homologues without side-chains’. Stanier (1948) found that 
benzene, toluene and xylene were not decomposed by fluorescent pseudo- 
monads. The bacteria studied by Tausz & Peter (1919) failed to attack benzene. 

On the other hand, reports of the breakdo^vn of substituted cyclic com- 
pounds such as phenol, benzoic acid and nicotinic acid are more numerous (see 
Gray & Thornton, 1928; Stanier, 1948; and Koser & Baird, 1944). It appears 
that the substitution of one of the hydrogen atoms of the benzene or pyridine 
nucleus by a reactive group, such as — OH or — COOH, leads to a certain 
degree of susceptibility to microbial attack. 

Pseudomonads and other Gram-negative rods have been shown to be capable 
of utilizing cj'clic compounds as their sole source of carbon and energy by den 
Dooren de Jong (1926), Gray & Thornton (1928), Koser & Baird (1944) and 
Stanier (1948). It is interesting to note that although large numbers of motile 
Gram-negative rods were present in pyridine enrichment cultures, these 
organisms would not grow in pure culture in the pyridine media. Apparently 
Proadinomyces breaks down the pyridine molecule in such a way that the 
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products can satisfy the carbon, nitrogen and energy requirements of the 
Gram-negative rods as well as its own needs. Other organisms, reported by den 
Dooren de Jong (1920), Robbins (1917) and OstrofT & Henry (1939) to be 
capable of utilizing pyridine as a source of nitrogen and thus of rupturing the 
ring, could not satisfy their carbon and energ>" requirements with the remainder 
of the molecule, but needed an additional carbon compound, such ns glucose. 
It appears from the evidence presented that, in pure culture, the utilization of 
pyridine as a sole source of carbon, nitrogen and energj" is limited to organisms 
of the genus Proaciinojnyces^ although certain other bacteria arc able to grow 
in mixed culture with ProMiinomyceSt or to utilize pyridine as a source of 
nitrogen. 
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Clostridium welchii Iota Toxin: Its Activation by Trypsin 

By HELEN E. ROSS, SIARIAN E. WARREN and JOAN M. BARNES 
The Wellcome Physiological Research Laboratories, Beckenham, Kent 

SUiVUIARY : The isolation, from sheep, of strains of the Bosworth type of Clostridium 
•welchii is recorded; it is proposed to designate this type as Cl. Toclchii type E. 

The toxicity of culture filtrates of Cl. welchii type E after short gro%vth periods is 
increased by treatment %vith crude trypsin preparations; no such increase can be 
demonstrated when the filtrates are from groni.hs older than 5-7 hr. The toxin which 
is activated in these filtrates is the toxin iota. It appears that Cl. loelchii type 
E strains elaborate prototoxin convertible by enzymes into iota toxin proper. 

In 1943Bosworth described a type of Closiridhim welchii dilferingin toxigenicity 
from the four types A, B, C and D of Wilsdon’s (1931) classification. It had been 
isolated from the intestine of a calf being examined for evidence of entero- 
toxaemia, and was characterized by the elaboration of a toxin which he 
designated iota (i). Subsequently we examined material from many cases of 
suspected enterotoxaemia in cattle and sheep, but it was not until 1944 that 
we isolated an iota-producing strain from the intestine of a lamb. Later in the 
same year iota toxin was identified in the bow'cl contents of three lambs, but, 
in spite of repeated attempts, no strains were isolated. In the spring of 1947, 
while examining a series of one hundred swab cultures taken from the udders 
of ewes on a farm infected with lamb dysentery, we identified iota toxin in 
forty of the mixed cultures from the sw’abs and isolated iota-producing strains 
from seven. These strains were tested by qualitative methods for the production 
of specific toxins and each was found to elaborate Cl. welchii a and 0 toxins in 
addition, to iota toxin. Each resembled Cl. welchii in morphology, cultural 
characters and staining reactions. They produced acid and gas in glucose, 
lactose, maltose, sucrose and glycerol, but only gas in inulin, mannitol and 
salicin. Bosworth included salicin among the sugars fermented by his strain; 
but this strain in our hands, when tested coneurrently with the other strains, 
did not produce acid in this sugar. All the strains gave the typical Cl. welchii 
stormy fermentation reaction in litmus milk, and liquefied gelatine. When grown 
on the surface of Dorset egg medium and on coagulated serum, each strain 
produced a slight softening and pitting of the surface. The indole reaction was 
negati%'e. As the strains thus resemble Bosworth’s in all respects, we consider 
that they belong to his new t}q:)c which, with his consent, we propose to 
designate type E. 

In the course of testing these strains it was found by one of us (J.M.B.) that 
occasional filtrates of 5 hr. growths in a meat broth medium were non-toxic 
for mice when injected intravenously. When, however, the filtrates were 
treated with trypsin before injection they became toxic and, by antitoxin 
neutralization tests, were found to contain iota toxin. Other filtrates of similar 
growtlis contained only a toxin before trypsin treatment; after treatment the 
a toxin had disappeared and iota toxin was identified in the filtrates. 
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. This suggested tlmt iota toxin, like Cl. xcelchii e toxin, might be produced 
initially as a non-toxic precursor or protbtoxin (Turner & RodweH, 1943) con- 
vertible by enzyme action into a toxic form. Bosworth investigated the 
possibility that some such conversion might occur but found no increase in the 
toxicity of his filtrates after exposure to trypsin. These, however, in contrast 
to ours, were prepared from 18 lir^growtlis, and it seemed to us that at this time 
conversion from the non-toxic to the toxic form might have been completed. 
We therefore devised the following experiments to study the elTect of trypsin 
on iota toxin. 

ftUTERLVL AND JfETHODS 

Filtrates were prepared from cultures of Cl. xcelchii type E after different 
periods of growth and examined for the amount of iota toxin before and after 
treatment with trypsin. 

The preparation of filtrates 

Strains. Four of the nine available strains were selected: CN 1241, Bosworth’s 
strains; CN1493, isolated from the intestine of a C months old lamb; CN1870 
and CN1993, both isolated from swab cultures taken from the surface of 
ewes’ udders. 

MedUim. Horse muscle infusion broth plus 1 % by volume of papain 
digest of horse muscle (T.N 0*3%), plus 30%(v/v) cooked meat particles. 
Volumes of 4 1. were used, steamed for 1 hr. at 100'^, cooled to 37® and inoculated 
with 50 ml. of an overnight growth of seed culture in the same metlhim. 
Incubation was at 87*. 

Sampling. Samples (100 ml.) were withdrawn by pipette during growth at 
2, 3, 4, 5 and 7 lir. after inoculation. At 2 hr. growth, though slight, was always 
evident; the jjcak of growth, as judged by turbiditj’, a lightening in colour and 
gas evolution, was usually reached at about 5 hr. 

Filtration. Samples were filtered Immediately after collection through 
sterilizing filter-pads (Ford S.B. grade Slcrimats). 

Treatment xcith irifpsin, A crude preparation of pig pancreas was used. It was 
kept at c. 4® at pH 4*0 and filtered through paper as req\n’rcd. The filtrate from 
the crude pancreas preparation was added (5 % v/v) to culture filtrates without 
adjustment of tlie pH, and the mixtures incubatcti for one hour at 87®. The 
necessary dilutions were then made in saline and injected. 

Measttrement of toricitij 

The toxicity of culture filtrates was measured by estimating the LD 50 for 
mice, and the minimal necrotizing dose (m.n.d,) for guinc.a-pigs. The LD 50 
is defined as the smallest dose which, when injected intravenously into mice 
of 20-22 g. weight, kills 50% of the animals within 72 hr. The M.S.l). is the 
smallest dose producing a clmnictcristic necrotic reaction when injectwl inlm* 
cutancously into guinea-pigs. Culture fillratcs were diluted in saline and the 
volume of each dose under test vras adjusted %rilh saline to 0*5 ml. for the 
LD 50 and 0-2 ml. for the m.k.d. test. 
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DISCUSSION 

Our results show that the toxicity of CL welchii type E filtrates is increased by 
treatment with crude trypsin preparations. As there is evidence that a and 
6 toxins are destroyed by this treatment, and the treated filtrates were 
neutralized by iota antisera not containing any e antibody, and not by e anti- 
sera containing no iota antibody, w'e conclude that the increased toxicity is 
due to iota toxin. 

The increases of toxicity were not so great as those shown by e toxin (Batty 
& Glenny, 1947) but were sufficient to show that iota toxin, like e toxin, has 
a non-toxic precursor from which it is formed by the action of crude trypsin. 
We therefore postulate that type E strains produce, in addition to a and 
6 toxins, an iota prototoxin convertible by enzyme action into iota toxin 
proper. Judging by the results with e toxin reported by Batty & Glenny, the 
changes in the iota L+ value after trypsin treatment %vere far greater tlmn 
would have been expected from the relatively small changes in the LD 50 dose. 
The time at which the maximum increase in toxicity occurred could not be 
determined because the culture filtrates after the shortest growth periods 
tested were non-toxic, but it evidently must have been within the first 3 hr. 
after inoculation. It may be assumed that complete transformation from the 
suggested precursor had been brought about by the organism’s own enzyme 
systems after 7 hr., as trypsin treatment then had no effect. 

We wish to thank Prof. T. J. Bosworth for sending us his strain, and Dr C. L. 
Oakley for the supply of antitoxin and for much helpful advice and criticism. 
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The Phenomenon of Lysogenicity in Staphylococci 

By PHYLLIS M. ROtINTREE* 

, Staphylococcal licfcrcnce Laboratory, Central Public Health Laboratory, 
Cotindale, London 

SUMMARY : Of thirty coagulase-positivc slapliylococci, Uvcnty-'scven proved to he 
lysogenic. Free phage was found in filtrates of 4-5 hr. broth cnllurcs of the lysogenic 
strains. The phages from six of these strains were examined by estimation of the 
amounts occurring in filtrates, for serologj* and for tlieir range of lytic reactions with 
indicator strains. A number of strains were found vhich carried ns many as five 
distinct bacteriophages. Probable phage mutations were also demonstrated. Inter- 
ference effects due tolysogcnicity were not a marked feature of thestrainsinvestigated. 

It is assumed that the free phage released by the lysogenic strains is rcsjionsihlc 
for infection of sensitive indicator strains. Tlic approximate proportion of lysogenic 
cells capable of releasing phage has been delcnnined for three strains; it varied for 
the three strains and according to the indicator strains used, ranging from 1/3 cells 
Inoculated to 1/30,000 cells inoculated. The mechanism of the release is probably due 
to multiplication of the phage in a number of lysogenic cells %\ith consequent lysis 
of the cells and release of the phage. 

Lysogenicily appeared to be a permanent feature of these strains. Everj' cell was 
apparently cari^’ing phage and treatment with heat, uitli spcciHc nnlibactcriophngc 
scrum, or by growth in broth containing sodium citrate did not make the tH-'IIs 
non-Iysogenic. For such strains, apart from on cxlraccllular release of iihnge from 
a few cells in each culture, there is postulated an inlraccllubT transference of phage 
to each daughter cell at cell division. 

It 1ms already been sho\s*n by Fisk (1042), Wilson & Atkinson (1043) and 
Williams* Smith (1048a, b), that a large number of strains of coagtdasc-positivc 
.staphylococci arc lysogenic; that is to say, w'lien cultures of these strains arc 
grown on agar plates together witli strains sensitive to tiic bnclcrloplmges 
present in the lysogenic cultures, evidence of lytic action ajipcars and the 
bacteriophages responsible may be isolated. 

Williams Smith examined twenty-two strains used by Wilson & Atkinson 
ns propagating strains for their typing phages, and found seventeen of them to 
be lysogenic. By means of cross-rcsistnncc tests carried out occonling to Bail’s 
technique, he showed that the range of phages Iv-sing a given strain could be 
restricted by the development of resistant variants of the strain. These variants 
uerc often lysogenic; this was clearly shoini in the case of non-lysogenic 
cultures which developed lysogenic, resistant variants. lip concluded tlinl the 
carriage of a phage by a given strain precluded its lysis by that phage, He was 
able to alter the pattern of phage reactions of certain strains by growing two 
different lysogenic cultures together in broth for prolongctl periods; the 
nltered strains presumably acquired the phage of the strain with which they 
had been growing. He was of the opinion timt acquired phage rcsistiincc was 
responsible for the classificat ion of many originallv identical strains ns difTcrent 
phage tyi)(.*s. 

• IVmittnent mldrcs^H: Fairfax Imtiliite of Pat!iolf>e>*, Hnyal Prince Alfred nf>«pital. 
Sydney, Australia. 
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Since the observation (Rountree, 1947 a) of two mutually lysogenic cultures 
which were apparently carrying identical bacteriophages did not agree with the 
interference effects reported bj’- Williams Smith, further investigations have 
been made on the phenomena of lysogenicity in the staphylococci. There are 
also contradictory reports in the literature on the presence of free phage in 
filtrates of broth cultures-of staphylococci. Callow (1922) stated that she could 
obtain bacteriophage by the filtration of staphylococcal cultures. Burnet 
& Lush (1936) described a lysogenic mutant of a white staphylococcus which 
liberated bacteriophage in young and old cultures. On the other hand, Fisk 
(1942) and Williams Smith (19486) failed to demonstrate the presence of 
bacteriophage in filtrates of lysogenic cultures. 

The phenomena of lysogenicity as exhibited by the stapliylococci may throw 
some light on the problems associated with the modes of reproduction of latent 
viruses generally, whether in bacterial or animal cells. An attempt has there- 
fore been made to demonstrate the mechanisms determining the maintenance 
of the lysogenic state in the staphylococcal cell and the infection of indicator 
strains when placed in contact with lysogenic cultures. 

MATERIALS 

Thirty-four strains of coagulase-positive staphylococci, producing various 
amounts of pigment and of a and/or p toxin, were used. 

(n) Twenty-one strains used in this laboratory for the propagation of the 
typing bacteriophages. 

(6) Two strains used in the serological differentiation of staphylococci, 
Christie & Keogh’s type 5 culture (1940) and 789, a culture identical with 
Cowan’s type II (1939). 

(c) Five lysogenic strains, Sl4, Sl7, S21, S.33 and S35 (Rountree, 1947n). 

(d) Two lysogenic strains, S58, and S59, isolated from human infections. 

(c) Four strains, Sll, S50, B83 and R192, whose lysogenicity was not 

investif^ated but which served as indicator strains sensitive to certain of the 
bacteriophages encountered. 


RESULTS 

Presence of bacteriophage in filtrates of lysogenic cultures 

A number of previous experiments had confirmed the fact that bacteriophage 
could not be demonstrated in filtrates of 18 hr. broth cultures of known 
Ivso^enic strains. However, it was found that phage could be demonstrated 
in broth cultures of such strains by the following method. A fairly heavy 
inoculum of cells was grown in Todd-Hcwilt (1932) broth at 37° for 4-r, hr., 
after wiiich period obvious turbidity had developed. The cultures were centri- 
fur»cd for 10 min. at 3000 r.p.m. and filtered through gradocol membranes of 
TAX of 0-Si/t. The filtrates were then tested for bacteriophage against 

rains known to be sensitive on agar plates to the lysogenic strain. 
- detected in filtrates from twenty-five of the thirty strains 
• jp iije tV' .• lins 18, 28 i and 1351, in which no free phage 


Lysogcnidty in siaj)luJlocQCci 155 

could be detected, it is possible tliat the available indicator strains were not 
suitable. In two oilier strains, Sl4 and S21, known to be lysogenic on afrar, 
no free phage could be detected. Filtrates of S 14 were also tested to see if they 
contained any inactivating agent for the phage (14/17) carried by this strain, 
but no evidence of inactivation could be found when such filtrates were mixed 
with phage 14/17 and incubated at 87® for 2 hr. 


Table 1. Indicator strains ^Stapli. aureus sensitive to bacteriophages 
earned by i-jceniy’seven lysogenic strains of Staph, aureus 


Lysogenic 

Indicator strains 

Lj-sogenic 


strain 

strain 

Indicator strains 

8 

30, S50 

1303 

18, U102 

4 

850, 850 

1070 

30, R17C0, ni92 

33 

850, B83 

R17G0 

3, 30, 859 

8G 

3, 1307, S50 

2329 

8, 859 

144 

18, 373, S50, B83 

SU 

817 

145 

211, 284, 1339, 817, CK5 

817 

211, 284, 1339 

211 

281, 1330, CK5 

S2l 

811 

373 

2329 

S33 

8, 835 

701 

3, 16 

835 

3, 833 

025 

2329 

858 

S50, 850, D83 

087 

3, 30, 1351, SS9 

850 

3, RITCO, 2329 

1103 

3. 30, 859 

CIv5 

145, 211,284, 1339,817 

1307 

3, ni700 

789 

143, 211, 28-1, 1339 

1830 

145, 211, Sl7, CK5, 789 




Exact estimations of the amount of phagc/ml. of each filtrate were not made 
in all cases, but in those in which it was carried out there was a wide variation 
from strain tostrain, tlic counts varying from 50 to7,000,000phagepartiolcs/ml. 

There were many cases of mutual Ij’sogcnicity among the thirty strains; for 
example, 8 and SSO, 3 and OG, UlTCO and S5D, S33 and S35/ 24a and 1339, 
and 211 and 1839. In all cases, the filtrates from Ij-sogcnic strains produced 
no plaques when tested on agar plates inoculated with the strains used for the 
preparation of the filtrates. 

Curnet& Lush (1935) sfiowcd that the staphylococcal bacteriophages which 
they classified as strong or intermediate were absorbed by all ‘aurnw* stapliy 
lococci tested, whether they lysed these strains or not. This was confinned for 
the phages used in the typing of staphylococci (Uounlrcc, 19476). The failure 
to demonstrate free bactcrioplmge in older cultures of lyogcnic strains may, 
therefore, be ascribed to its absorjiUon on to the bacterial cells. In the two 
lysogenic strains from which no detectable phage was released in broth 
cultures, it is possible that the phage was more quickly reabsorbed than was 
the case with the other strains, since it was later shown that S 14 probably did 
release free pliagc. 

Sacteriophage carried by six closely related straws 

From the thirty ^st^ains, seven were selected which were closely related, both 
in their reactions with the t>'ping plingcs and in their lysogenic inlcrrcaclions. 
Those were 145, 211, 281, 1339, SIT, CK5 and 789. Strain 2St was not 
detoctably lysogenic; the other six strains were (Table 2). 


X/*9 
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Since the observation (Rountree, 1947 a) of two mutually lysogenic cultures 
which were apparently carrying identical bacteriophages did not agree with the 
interference effects reported by Williams Smith, further investigations have 
been made on the phenomena of lysogenicity in the staphylococci. There are 
also contradictory reports in the literature on the presence of free phage in 
filtrates of broth cultures-of staphylococci. Callow (1922) stated that she could 
obtain bacteriophage by the filtration of staphylococcal cultures. Burnet 
& Lush (1936) described a lysogenic mutant of a white staphylococcus which 
liberated bacteriophage in young and old cultures. On the other liand, Fisk 
(1942) and Williams Smith (19486) failed to demonstrate the presence of 
bacteriophage in filtrates of lysogenic cultures. 

The phenomena of lysogenicity as exhibited by the staphylococci may throAV 
some light on the problems associated with the modes of reproduction of latent 
viruses generally, whether in bacterial or airimal cells. An attempt has there- 
fore been made to demonstrate the mechanisms determining the maintenance 
of the lysogenic state in the staphylococcal cell and the infection of indicator 
strains when placed in contact with lysogenic cultures. 

IMATERIALS 

Thirty-four strains of coagulase-positive staphylococci, producing various 
amounts of pigment and of a and/or y toxin, were used. 

(а) Twenty-one strains used in this laboratory for the propagation of the 
typing bacteriophages. 

(б) Two strains used in the serological differentiation of staphylococci, 
Christie & Keogh’s type 5 culture (1940) and 789, a culture identical with 
Cowan’s type II (1939). 

(c) Five lysogenic strains, Sl4, S17, S21, S33 and S35 (Rountree, 1947ff). 

(d) Two lysogenic strains, S58, and S59, isolated from human infections. 

(e) Four strains, Sll, S50, B83 and Rl92, whose lysogenicity was not 
investigated but which served as indicator strains sensitive to certain of the 
bacteriophages encountered. 


RESULTS 

Presence of bacteriophage in filtrates of lysogenic cultures 

A number of previous experiments had confirmed the fact that bactcriopliage 
could not be demonstrated in filtrates of 18 hr. broth cultures of known 
lysogenic strains. However, it was found that phage could be demonstrated 
in broth cultures of such strains by the following method. A fairly hea\y 
inoculum of cells was grown in Todd-Hcwitt (1932) brotli at 37° for 4-5 hr., 
after which period obvious turbidity had developed. The cultures were cenlri- 
fu<Ted for 10 min. at 3000 r.p.m. and filtered through gradocol membranes of 
an°A.P.D. of 0-84//. The filtrates were then tested for bacteriophage against 
a series of strains kno\vn to be sensitive on agar plates to the lysogenic strain. 
Free phage was detected in filtrates from twenty-five of the thirt^r strains 
tested (Table 1). In the three strains 18, 284 and 1351, in which no free phage 
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of the same serological group differing in lytic patterns and in their litres on 
sensitive strains. Strain 1839 carried three phages, the group F phage Ivsing 
strain l-io being ditferent from that lj*sing strains 211 , CK5 and 789. It should 

Table 3. The serological and lytic reactions of iiccntyfive bacteriophages 
isolated from six lysogenic strains of staphylococci 

Lytic reactions witli indicator stnUns 


Bacteriophage 

Serological 

ty^pe 

145 

211 

281 

1339 

S17 

CIC3 

780 

145/211 

F 

CL 

CL 

tr. 

+ 

CL 

CL 

CL 

145/281 

B 

— 

— 

CL 

— 

tr. 

— 

— 

143/1330 

B 

tr. 

+ 

+ 

CL 

+ 

CL 

+ 

145/S17 

A 

— 

tr. 

— 

CL 

CL 




145/CK5 

B 

+ + 

+ 

+ + 

SCL 

+ 

CL 

__ 

211/284 

B 



— 

CL 



tr. 




211/1330 

B 

+ 

+ 

+ 

CL 

+ 

CL 

+ 

211/CK5 

B 

+ + 

+ 

+ + 

SCL 

+ 

CL 

— 

1330/143 

F 

CL 

tr. 

tr. 

— 

tr. 

CL 

tr. 

1330/211 

F 

CL 

CL 


+ 

CL 

CL 

CL 

1330/S17 

A 

— 

+ 

— 

CL 

CL 

— 

— 

1330/CK5 

F 

CL 

CL 

tr. 

CL 

CL 

CL 

CL 

1339/780 

F 

CL 

CL 

tr. 

CL 

CL 

CL 

CL 

817/211 

Not A. Bor F 



CL 

tr. 

tr. 

tr. 

+ 



S 17/281 

B 

tr. 

tr. 

CL 

tr. 

tr. 

tr. 

tr. 

S 17/1330 

B 

tr. 

tr. 

tr. 

CL 

tr. 

tr. 

tr. 

CK5/145 

F 

CL 

tr. 

tr. 

+ 

tr. 

SCL 

— 

CK5/211 

B 

CL 

CL 

+ 

CL 


+ 


ClsS/284 

B 

— 

— 

CL 

— 

— 


— 

CK 5/1 339 

B 

CL 

CL 

Ir. 

CL 

— 

tr. 

— 

CK5/S17 

A 

tr. 

tr. 

tr. 

+ + 

CL 

— 

— 

780/145 

U 

CL 

+ 

SCL 

CL 

tr. 

SCL 

— 

780/211 

B 

CL 

CL 

+ 

CL 

— 

+ 

— 

780/284 

B 

— 

— 

CL 

— 

— 


— 

789/1339 

B 

+ + 

CL 

+ 

CL 

+ 

+ 

+ 


+ 4 - asnumcrmis discrete plaques. CLasconllucnt lysis. 

+ ss 10-20 plaques. SCL=»scnii-ronnucnt l\sU. 

Ir. = <10 plaques. 


Table 4. Nttmber of jdaquesjml. of filtrate of lysogenic strains drirlnping 
on various indicator strains 

Filtmtc of No. of plaques/ml. of filtrate on indinitor stratus 

lysogenic , . 


strains 

143 

211 

28 i 

laso 

S17 

CK5 

780 

113 

0 

200 

8,500 

80,000 

250 

1.400 

0 

211 

0 

0 

500 

500,000 

0 

1,100 

0 

1330 

85,000 

10,000 

0 

0 

10,000 

3.l>00 

500 

S17 

0 

20,000 

2,500 

7,000,000 

0 

0 

0 

CK5 

5,800,000 

170,000 

10,000 

750,000 

1,250 

0 

n 

789 

03,000 

113,000 

200 

250,000 

0 

0 

0 


be noted tliat the ph.agcs 1339/211, and 1339/780 will abo lyse 

S17, and th.nt 1330 is earning two plingcs, l>otli of which c.nn he isolntc<l 
on Sl7. The 1339/S 17 ph.ngc of group A is more si>ecinc tlmn the group 
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The bacteriophages carried by each of these six strains were prepared 
against the susceptible strains listed in column 3 of Table 2, making a total of 
twenty-five phages. They were isolated from plates made by Fisk’s method, 
re-isolated at least twice from single plaques and the filtrates prepared in the 
usual way. The dilution of bacteriophage filtrate just giving confluent lysis on 
agar with its homologous staphylococcus was tested against all seven strains. 
The serological type of the bacteriophages was also determined, since it has ’ 
been shovm (Rountree, 1949) that two serological groups (A and B) can be 

Table 2. The reactions with typing 2Jhages and the lysogenic inicrrcactions 
of seven closely related strains of Staph, aureus 


Strains susceptible to phage 


Strain no. 

Reactions with typing phages 

carried by the strain 

145 

3B4“) 51 + + + + 

211, 284, 1339, SIT, CK5 

211 

3B4-4*4'+»3C + + 

284, 1339, CK5 

284 

SA-f* "f~ "f" -t*> SC-h 

— 

1339 

3B4-* 3C + -h + + 

145, 211, SIT, CK5, T89 

SIT 

3 B + ) 3 C 4" t 14 4* 4 — h 4“ 

211, 284, 1339 

CK5 

3B 4 — h j 3C 4* 4“ 

145, 211, 284, 1339, SIT 

789 

3B 4" 4 — 1 — h 

145, 211, 284, 1339 


+ + + 4- = confluent lysis; + + = uncountable discrete plaques; + =10-20 plaques. 

distinguished among the typing phages and that a third group (F) is also found 
among these lysogenic cultures. In addition, one phage (S 17/211) was found 
which was not neutralized by any of the available sera. In Table 3 are set out 
the lytic and serological reactions of each of the twenty-five phage preparations. 
The bacteriophage preparations are designated by the number of the culture 
of their origin followed by the number of the strain on which they have been 
propagated; e.g. 145/211 indicates phage from strain 145 grown on strain 211. 
They are arranged in the order of the Ij’sogcnic strains from which they 
originated. It is clear that some of the bacteriophages are identical and that 
a total of twelve distinet phages were obtained from the six strains. For 
example, the phages derived from strains 145, 211, SlT, CK5 and 789, which 
lyse 284, arc identical ; phages 145/211, 1339/211, 1339/CK5 and 13.39/789 arc 
identical; phage 145/CK5 and 211/CK5 arc identical and so are phages 
145/S 17 and 1.339/S 17. 

Filtrates of the lysogenic strains grown in broth were examined by plating 
each on all seven indicator strains, and the phage content/ml. of each filtrate 
was determined. Each separate phage was isolated from tiiesc filtrates and 
tested in the same manner as the series from the Fisk plates. Individu-'d i)lmges 
from the two sets of preparations in all cases gave corrcsiionding reactions. 
Table 4 gives the number of plaqucs/ml. of the various filtered broth cultures 
which developed when the filtrates were titrated with the seven stniins. 

Other interesting points are revealed in Tables .3 and 4. The lysogenic 
strains are each carrying more than one bacteriopliagc. From strain 145 five 
phages were obtained, varying in their lytic reactions, in serological tyjie, and 
in the amount of each present in a filtrate. Strain 211 produced three phages 
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of the same serological group ditrering in lytic patterns and in their titrcs on 
sensitive strains. Strain 1339 carried three phages, the group F phage lysing 
strain 143 being dilTerent from that Ij-sing strains 211, CKSnnd 789. It should 


Table 3. The serological and lytic reactions of tzeenty-jive bacteriophages 
isolated from six lysogenic strains of staphylococci 

Lytle reactions with indicator strains 


Bacteriophage 

Serological 

type 

143 

211 

284 

1339 

Sl7 

CK5 

789 

143/211 

V 

CL 

CL 

tr. 

+ 

CL 

CL 

CL 

143/284 

B 

— 

— 

CL 

— 

tr. 

— 

— 

143/1339 

B 

tr. 

+ 

+ 

CL 

+ 

CL 

+ 

145/S17 

A 

— 

tr. 

— 

CL 

CL 

— 

— 

143/CK5 

B 

+ + 

+ 

+ + 

SCL 

+ 

CL 

— 

211/284 

B 

— 

— 

CL 


tr. 


— 

211/1330 

B 

+ 

+ 

+ 

CL 

+ 

CL 

+ 

211/CK5 

B 

+ + 

+ 

+ + 

SCL 

+ 

CL 

— 

1339/143 

F 

CL 

tr. 

tr. 



tr. 

CL 

tr. 

1330/211 

F 

CL 

CL 

— 

+ 

CL 

CL 

CL 

1339/S17 

A 

— 

+ 

— 

CL 

CL 

— 

— 

1339/CK5 

F 

CL 

CL 

tr. 

CL 

CL 

CL 

CL 

1339/789 

F 

CL 

CL 

tr. 

CL 

CL 

CL 

CL 

S17/211 

Not A, B or F 



CL 

tr. 

tr. 

tr. 

+ 

— 

S 17/284 

B 

tr. 

tr. 

CL 

tr. 

tr. 

tr. 

tr. 

S17/1330 

B 

tr. 

tr. 

tr. 

CL 

tr. 

tr. 

Ir. 

CK5/145 

F 

CL 

tr. 

tr. 

+ 

tr. 

SCL 

— 

CK5/211 

B 

CL 

CL 

+ 

CL 

— 

+ 

— 

CK5/284 

B 

— 

— 

CL 


— 



CK5/1339 

n 

CL 

CL 

tr. 

CL 

— 

tr. 

— 

C1C3/S17 

A 

tr. 

tr. 

tr. 

+ + 

CL 

— 

— 

789/145 

U 

CL 

+ 

SCL 

CL 

tr. 

SCL 

— 

789/211 

B 

CL 

CL 

+ 

CL 

— 

+ 

— 

789/284 

B 

— 

— 

CL 

— 

— 

— 


789/1330 

B 

+ + 

CL 

+ 

CL 

+ 

+ 

+ 

+ + s= numerous discrete iilaques. 

CL=» 

eonllucnt lysis, 



+ c= 10-20 plaques. 



SCLs= 

scnii-conlluent lysis. 



tr. ss <10 plaqticji. 


Tabic 4. dumber of plaqucsjml. of fdtrate of l^so!*enic strains dnrlopin;^ 
on various indicator strains 

Kiltmtc of Xo. of |ilaqucVml. of ftltratc on lndi«»tor stnUns 

lysogenic < — — — ■ - • ■ ■■ ^ ■ " ^ — a 


stniins 

145 

211 

284 

1330 

S17 

CK5 

7«y 

143 

0 

200 

8.300 

80,000 

250 

1.100 

0 

211 

0 

0 

300 

500,00fJ 

0 

1,100 

0 

1339 

85,000 

10,000 

0 

0 

lO.OOf) 

3,000 

300 

S17 

0 

20,000 

2.500 

7,000, OWI 

u 

0 

0 

CK3 

3,800,000 

170.000 

10,000 

730,000 

1,250 

0 

0 

780 

05.000 

1 W.OOO 

200 

250,f.»00 

0 

0 

0 


he noted that the phages 1339/211, 13:i9/CK3 and UW'i/'Sfl will aKo lyse 
Sit, and that 1339 is carrying two phages, liolh of which can he isolate,! 
on Sl7. The 1339/S 17 pliagc of group A is more speeifie than the group 
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F phage. From strain Sl7 three phages were obtained in different amounts 
and of two serological groups. Similarly, strain CK5 gave phages of four lytic 
patterns and three serological groups. Phages CK 5/211 and CK5/1339 may 
be identical, the difference in titre when the filtrate was titrated on 211 and 
1339 being- possibly due to a certain proportion of resistant cells in strain 
211. From strain 789, phages of one serological group and four different lytic 
patterns were obtained. 

It has already been shown (Rountree, lOI'D) that strain 36 carries bacterio- 
phages belonging to two serological groups, so it is evident that the pheno- 
menon of multiple lysogenicity is not confined to this particular group of 
strains; it is probably widespread among the staphylococci. 

It may be questioned whether these phages have been modified b}’^ their 
passage tlirough the indicator strains, since they are of necessity examined 
after their propagation in strains sensitive to them. However, some strains in 
the series are lysed by a number of clearly different phages; for example, 
strain 211 is lysed by the typing phage 3B which belongs to serological group A, 
and by three other phages of different lytic pattern, namely, those from strains 
145 and 1339 (group F), from strain S 17 (not group A, B or F) and from strains 
CKo and 789 (group B). This suggests that, even if modification during passage 
docs occur, its direction is governed not by some characteristic of the staphy- 
lococcus such as lysogenicity, but by the intrinsic character of the phage itself. 

Furthermore, it can be shown that when two serological types of bacterio- 
pfiage are isolated from a given strain, filtrates of such strains before 
passage of the phages in the sensitive strains do in fact contain the two 
serological types of phage. For example, the filtrate of S 17, which contains 
group B phage lysing 1339 and 284 and a phage not of group A, B or F that lyses 
211, loses only its group B phage activity on the addition of an appropriate 
amount of group B phage antiserum. After incubation at 37° for 4 hr., the 
mixture on plating contains the original amount of phage active against 211, 
although phage lysing 1339 or 284 can no longer be demonstrated. 

It will be noted that with many of the phages trace reactions, that is, the 
development of a very few plaques on certain strains, occurred frequently. 
Since the phages, with the exception of those lysing strain 284, had been 
grown on l 3 *sogenic cultures, it is likel^”- that in some cases these trace reactions 
were due to contamination of the phage preparation with phage derived from 
the propagating strain and were not necessarily due to mutation of the phage. 
An example of this is found in the phage from strain 1339, which on isolation 
in filtrates lias no action on 284. This phage, after growth in strains 145, 
CK5 and 789 which carri" phage lysing 284, gave a few plaques with 284; 
such plaques ma\* be due to phage released from 145, CK5 and 789 during 
I\’sis. 

In certain cases, however, it is possible that mutation took place. All 
the phages propagated on 284 gave identical serological and Ij’tic reactions, 
being specific for this strain and belonging to serological group B. For the five 
filtrates in which this pliage was found, the ratio of the total amount of 
group B phage present in the filtrate to the amount of group B phage Iv'sing 
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284 was calculated from the values given in Table 4 (Tabic 5). In the 
filtrates of strains 211, S 17 and 789 containing only small amounts of the phage 
lysing 284, the ratios (1000 to 1, 3000 to 1 and 2400 to 1 respectively) suggest 
■the possibility of the mutation of the group B phage. Whether this mutation 
takes place during the release of the phage from the lysogenic cells or during 
its passage with 284 cannot be determined. 


fable 5. The ratio tn various filtrates of the total amounts of type B 
jthage to the amount of type B phage specific for strain 284 


Filtrntc of strntn TyP® ^ phagc/ml. (o) 


Its 

90,000 

211 

500,000 

S17 

7,000,000 

CK5 

040,000 

789 

480,000 


FJmge lysing 
284/ml. (6) 

nntio<i/& 

8,500 

10 0 

500 

1,000 

2,500 

3,000 

10,000 

Ot 

200 

2,400 


Lysogenic strains are sensitive to phages very closely related to those which 
they carry. For example, the phngc 145/211, the phages 18S9/S17, 1339/CK5 
and 1889/789, and the pliagc CK5/145, all appear, after passage of the phngc 
through a sensitive strain, to be modified in infcctivity, so that the previously 
resistant cells of the parent become sensitive to them. The alteration in 
infcctivity is not accompanied by any other detectable changes. It seems 
that the results previously reported (1947a) with cultures S33 and S35 and 
their phnges were due to this alteration in infcctivity by passage. Phnge from 
S38 OP S3.5 wlicn isolated by filtration of the culture produces plaques on the 
sensitive strain, but not on the strain from which it has been prepared. 
However, after passage of the phage from S33 through SO.'i, and vice versa, 
both phages will lyse both S83 and S85 to titre, and no lytic or serological 
dilTcrcncc can be detected between them. 


Infection of sensitive strains by bacteriophofte from lysogenic cultures 
By filtration of young broth cultures it 1ms liccn shown that lysogenic staphy- 
lococci release free phage into the .surrounding medium. It can therefore be 
assumed that infection of sensitive strains placed in contact with lysogenic 
strains is due to the action of this free phage. Questions arise, however, ns to 
whnt proportion of cells in a Iy.sogcnic stmin nrcmblc to initiate such infection 
and what mechanism is operative in the release of the phngc from the ly«;o- 
gcnic cell. 

The first question may be niiswcnxl by the following ob’^civutions. When 
0 02 ml. of n suitably diluted young broth culture of n lysogenic strain is 
spread on ngar plates and then covcjcd with an inoculum of n sensitive 
indicator strain .siiiricicnt to give confluent growtii, the nuinlicr of plaques 
developing in the sensitive strain may be counteti after incubation. .\l the time 
of inoculation of the jdates, a viable count of tbc number of lysogenic cells is 
also nmde. It is then possible to calculate the ratio of Iy.sogcnic cells moculntcd 
to the number of plaques developing. It should be iiotctl that this ratio docs 
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not necessarily indicate the number of cells of the lysogenic culture which arc 
capable of infecting the indicator strain, since under the conditions of the 
experiment the munber of cell divisions which may take place in the lysogenic 
cells before infection occurs cannot be ascertained. The method is also not very 
precise because multicellular aggregates of staphylococci giving rise to one 
colony in the viable count are assumed to have arisen from one coccus. 
However, the approximate values obtained indicate the order of magnitude 
of the number of cells initiating infection of a susceptible strain, and there- 
fore presumably capable of releasing bacteriophage. These values have been 


Table 6. The number of viable celh of lysogenic strains capable of 
producing one plaque when tested with certain indicator strains 


Lj'sogenie strain 


t — 


s 

Inoculum 

Plaques 



Indicator 


10® ceUs/ml. 

developing 

Ratio 

strain 

No. 

(«) 

10®/ml. (5) 

ajb 

1339 

Sl7 

4,800 

1,800 

2-7 

211 

Sl7 

4,800 

17 

280 

284 

S17 

4,800 

010 

30,000 

145 

1339 

40,000 

45 

900 

211 

1339 

40,000 

110 

300 

S17 

1339 

40,000 

1,400 

28 

S17 

S14/1 

1,000 

1 

1,000 


S14/2 

750 

4-5 

170 


S14/3 

5,200 

13 

380 


S14/4 

0,000 

15 

400 


S14/5 

0,000 

12-5 

480 


S14/C 

2,050 

9 

290 


S14/7 

2,000 

0 

340 


S14/8 

850 

2 

420 


S14/9 

3,250 

2 

1,000 


S 14/10 

1,500 

4-5 

300 


S 14/11 

17,700 

00 

270 


determined for three strains: Sl7 against three indicator strains, 1339 against 
three indicator strains and S 14 against S 17. The ratio was also determined for 
eleven single-colon}’^ cultures of strain Sl4. In Table C the number of cells 
inoculated and of plaques developing have been expressed as numbers/ml. of 
the broth culture used; the final column gives the number of cells in the 
inoculum producing one plaque. 

Tluee different values were obtained with strain Sl7 according to the 
indicator strains used, and these values correspond well with the relative 
amounts of the tlrree phages present in the filtrates of this strain (Table 4). 
The value for phage lysing 1339 is exceptionally high. Three different values 
were also obtained for strain 1339. The values for the eleven cultures of Sl4 
varied from one plaque/170 cells inoculated to 1/lGOO, and are probably 
within the limits of error of the method. 

The eonclusion may be drawn that phage is released only from a certain 
proportion of cells in a given lysogenic strain. This proportion is fairly constant 
for anv given strain, but it varies from phage to phage when more than one 
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pliage occurs in a particular strain. The figures do not, liowevcr, indicate 
whether a single cell of a strain that produces more than one type of phage may 
at a given moment itself produce more than one tj’i)c. Further, it is not 
possible to say defmitcly whether the phage is released by lysis of a small 
percentage of cells or whether phage may be extruded from cells whicli remain 
viable. Strain S 17, which produces large amounts of phage active against 1831), 
would be a convenient strain for an investigation of this jiroblem by single- 
cell culture methods. 


Permanence of hjsogenicitij 

In general terms it may be stated that bacteriophage may be detected in 
every cell of a lysogenic strain of staphylococcus, and tlial no treatment has 
so far been successful in making the strain non-h-sogcnic. The strains in this 
collection were grown in broth for periods varying from 1 to 5 years and 
during this time were plated and rcpicked from single colonics on numerous 
occasions; yet the twenty-seven l 3 'sogcnic strains arc still lysogenic. On one 
occasion, strain Sl7 was plated out, and a hundred of the resulting single 
colonics were picked into broth and retested for lysogcnicitj’. All proved to he 
lysogenic. Numbers of single colonics from other strains in the scries have also 
been tested with similar results. 

Some of the bacteriophages carried by these strains were sensitive to heat 
when in cell-free filtrates, being dcstroj'cd by heating at 19® for 1 hr, When, 
however, the lysogenic strains carrying these phages were hcatctl at this tem- 
perature for 2 hr, and rcplatcd, all the resultant colonics proved to be lysogenic. 

Some of the bacteriophages carried by these strains arc citrate-sensitive, 
being unable to lyse sensitive strains in the presence of 1 % so<Hum citrate. 
When, however, the lysogenic strains carr>'ing these citmtc-scnsitivc phages 
were grown for 7-10 days in broth containing 1 % sodium citrate and were 
plated at intcr\’als during this incubation period, bacteriophage could he 
demonstrated in all single colonics tested. 

Finally, growth of a lysogenic strain in scrum containing specific antibodies 
for the bacteriophage carried by the strain did not remove the h'-sogcnicitj'. 
Very small inocula of strains Sl4, Sl7 and 1839 suspended in !)roth with 
equal volumes of undiluted high-litrc scrum were each incubated for 1-8 hr. 
at 37® until turhiditj' could be delected and were plated out. Every colony 
tested after incubation overnight was lysogenic, up to cighW colonics from 
a single plate being lestctl on v.nrious occasions. 

DISCUSSION 

The results dearly indicate Hint the association of bacteriophage and lysogenic 
cell is very intimate. Pliagc is to be found in each single bacterial colony from 
a Ivsogcnic staphylococcal strain. Since agents such as heal ami antiserum, 
which destroy the bacteriophage when it is in tlie free state, do not alter llic 
Ivso^cnicitv of the strain, an intracellular mctho<l of passage of the phage in 
such strains is postulated such tlmt the daughter cells of each staphylococcal 
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fission each receive at least one phage particle. It is possible that bacteriophafre 
which IS predominantly nncleoprotein in composition, is associated with the 
nuclear apparatus of the lysogenic cell in such a way that regular distribution 
of the phage to the daughter cells occurs at cell division. 

The relation between bacteriophage and lysogenic cell is, however variable 
since only a certain proportion of cells in each lysogenic strain liberates bacterio- 
phage. This proportion varies from strain to strain and may be very small. The 
usual proportion appears to be of the order of 1 cell in every 1000. No examples 
have been found in which every cell in a strain releases phage. Two mechanisms 
of the release may be postulated. Either the phage is extruded by cells which 
remain viable: or the modal equilibrium between phage and cell is unstable 
and in a certain proportion of the infected cells the phage multiplies as it docs 
in sensitive cells; as a consequence the cell is lysed and its phage liberated. 
Since this second postulate has as its basis a knoAvn method of phage liberation 
whereas the first is highly speculative, liberation by lysis is the most probable 
method of release of phage from lysogenic cells. The fact that liberated phage, 
after passage tlxrough a sensitive strain but apparently otherwise unaltered, can 
be shown in a number of cases to be fulty infective for all the cells of the 
original lysogenic strain, may be significant in this connexion, Burnet & Lush 
(1936) found indications that the liberation of their mutant C' lysogenic phage 
from ageing cultures was always associated with the destruction of the coccus 
from which it was derived. 

The data in Tables 1 and 3 make it clear that the possession of lysogenicitv 
does not render the staphylococci resistant to the lytic action of bacteriophages. 

Of the twenty-seven strains listed in Table 1, only two have so far proved 
resistant to the action of the phages available. As pointed out by Williams 
Smith (1948 c), the results obtained with the staphylococci cannot be explained 
on the basis of the ‘penetration’ hypothesis postulated by Delbruck (1945) 
for the Bacterium coli T bacteriophages. The material presented in this paper 
also suggests that interference effects are very limited among staphylococci, 
many of which show multiple lysogenicity, and may consist solely of inhibition 
of lysis by the bacteriophage carried by the strain, not extending even to very 
closely related or apparently identical phages. The possession of lysogenicity 
may be only partly responsible for the various reaction patterns obtained when 
a series of typing phages acts upon a number of closely related staphylococci, 
Williams Smith (1948 o, b) showed that after the development of resistance 
to various phages derived from lysogenic strains, originally non-lysogenic 
strains became lysogenic and were changed in their reactions to a number of 
tj-ping phages. The reactions of such variants were similar to those of the 
Ivsogcnic strains producing the resistance-inducing phages. He concluded that 
acquired phage resistance was responsible for the classiHcation of many initially 
identical strains as different phage types. In certain sensitive strains and in 
some resistant strains, however, he was unable to obtain evidence of ly.so- 
genicity. My results suggest even greater complication. The strains differ in 
their reactions to the typing phages, but the typing phages belong to a sero- 
lomcal group different from that of the majority of the pluiges carried by these 
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strains. The typing pliagcs acting on these strains belong to serological group 
A (Rountree, 1949), while the sole phage of this serological character which has 
been isolated from only some of these strains lyses strain S 17 and is restricted 
in its activity. The differing reactions given by the strains with the tyj)ing 
phages cannot, therefore, be attributed directly to the fact that they arc 
carrying one or more of these typing phages. Furthermore, strain 284, which 
showed a very narrow phage specificity, was apparently not lysogenic. 

The intrinsic characters of the staphylococcal cell which determine sensitivity 
to specific bacteriophages is still unexplained, but the available evidence 
suggests that it is not primarily due to the possession of lysogenicity. 

Tins work was carried out under a grant from the Australian Xalional Health and 
Aledical Research Council. 

My thanks arc due to Dr G. S. Wilson, Director of l!ie Public Health I^aboratoiy 
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Reference Laboratory and all his extensive knowledge of the pliagcs. I would also 
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The Serological Differentiation of Staphylococcal 

Bacteriophages 

By PHYLLIS M. ROUNTREE* 

Staphylococcal Reference Laboratory, Central Public Health Laboratory, 

Colindale, London 

SU5IIMARY; By the use of anti-bacteriopljage sera prepared in rabbits, tiiirfcy-nine 
staphylococcal phages were divided into six serological groups. The first group (A) 
comprised phages lysing coagulase-positive staplijdococci of human origin. Tiiey u'ere 
stable at 20‘= but inactivated at 49“’. They multiplied in broth cultures containing 
sufficient tryptophan but rarely produced clearing of such cultures. The second 
group (B) lysed both bovine and hmnan coagulase-positive staphylococci. Tliey were 
markedly sensitive to heat and required growdh factors present in the vitamin 
B complex. Group C comprised phages of ovine origin which were antigenical}^' 
related to group B phages and also resembled them in tlieir growth requirements. 
Group D comprised phage K, which lysed both coagulase-positive and negative 
staphylococci and was antigenically related only to phage W. Phage AV belonged to 
group E and lysed only some coagulase-negative staphylococci. Group F was related 
in its general characters with the phages of group A. 

A staphylococcus was found carrying tw'o serologically distinct phages, one of 
winch w’as detected during the process of adaptation of a phage filtrate to a new 
propagating strain. 

Since many strains of staphylococci are lysogenic, Ijdic filtrates may contain 
contaminating phages which manifest themselves during adaptation. Adequate 
serological characterization of the phages used for typing and for investigations of 
phage-bacterium relationslups and of apparent mutation is therefore necessary. 

Antisera to bacteriophages have been a valuable tool for the definition of the 
relationships of various races of phages (Burnet, 1933; Craigie, 1940). The only 
serological investigation of staphylococcal phages is that of Burnet & Lush 
(1935) who examined a series of thirteen staphylococcal plmges and by sero- 
logical and other methods distinguished six groups among them. Since the 
introduction by Wilson & Atkinson (1945) of their method of phage-typing 
staphylococci, a larger series of phages has become available for examination. 
This communication deals with the serological examination of these phages. 
In the series there has also been included a number of other staphylococcal 
phages whose reactions are of interest. The results indicate that the serological 
characteristics of the phages are associated with other properties such as 
stability and the range of organisms lysed. 

iVIATERIAL AND HffiTHODS 

The bacteriophages. The bacteriophages used were as follows. 

[a) The series originally described by Wilson & Atkinson for the typing of 
staphylococci of human origin. Their nomenclature has since been simplified 
by omitting the designation of the propagating strain of staphylococcus, and, 

■ * Permanent address; Fairfax Institute of Pathology, Royal Prince Alfred Hospital, 
Sydney, Australia. 
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in cases where phages were developed by adaptation, by giving to the adapted 
phage the number of the original pliagc plus a suitable letter; e.g. 8/211 has 
become SB and 3/1839 has become 3C. A number of adapted phages has been 
added to the original collection, 

{h) Three phages, X2, Gl2 and S7, lysing staphylococci pathogenic to 
sheep and isolated by Dr Williams Smith, 

(c) The phage K of Kreuger & Northrop (1930-1) is phage Au2 in Burnet 
& Lush’s series. For an account of its historj' Burnet & Lush’s paper should be 
consulted. It is probable that this is the polyvalent phage used by a number 
of workers. 

(d) Phages 21 and W isolated in Australia (Uountrec, 1047a, h). 

(e) Eight phages obtained from cultures examined during an investigation 
of lysogenicity; phages 145/211, CK5/145, S17/211 and phage from stniin 
1339 propagated on five different strains. 

Anii'hacteriophage sera. Sera were prepared in rabbits against phages 20, 
51, W, X2 and 1339. The usual course of injections of the phage filtrates was 
0*5, 0‘8, 1'0, 1*5 and 2-0 ml. at 5'day intervals, the rabbits being bled 7-9 days 
after the Inst injection. I am indebted to Dr Elford for a supply of anti-K 
scrum and to Dr Williams Smith for a supply of anti*42D scrum. 

Phage t\eittraU::alion tests. These were carried out by the method of Burnet 
(1033). Dilutions of the sera, usually tenfold, were made in nutrient broth and 
an equal volume of diluted phage added to each tube. TIic phage dilution used 
was that which had been previously shonm to give a countable number 
(50-200) of plaques when 0 02 ml. quantities were plated. The phagc*senim 
mixtures were incubated at 87® for 4 hr. and 0 02 ml. quantities platctl in 
duplicate on the appropriate propagating strain of staphylococcus. After 
incubation overnight at 37* the number of plaques was counted, The litre of 
the serum was expressed as the reciprocal of that dilution which gave approxi- 
mately 80% reduction in the plaque count as compared with that given by 
controls consisting of phage diluted with nonnal rabbit scrum or broth. 

RESULTS 

Phage ncutralizatiou tests 

Titrated with their Iiomologous phages, the scrum litres were; 20,000 for 
29, 42D, 51 and 1339; 10,000 for X2; 100,000 for K; and 200,000 for W. 

The neutralizing power of these sera was tcstctl with thirty -nine stapliy- 
lococcal phages (Tabic 1). Every phage was tested against scrum 51, but when, 
during the coiwsc of the Avork, it became apparent that dcfimle group', of 
phages could be distinguished A\!»ich did not react with sera neutralizing other 
groups, only a few representative phages in each group were tcstcil. The ri'Milts 
show that it is possible to divide the pliagcs into six serological groujis, Avhicli 
for purposes of convenience have been dcsignatctl A, B, C, D, K and F. 

Group A contains the phages 3 A, 311, 3t\ G, 7, 14, 42B, 12K, 47, 47 A, 47 B, 
47C, 51 and R17C0. TIicsc are nculralizctl by scrum 51 and not by the other 
scr.a. The scrum litre is slightly loAvcr (10,000) against phages 421', 47, 47 A 
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and 47B, indicating either minor antigenic differences or some variation in the 
degree of reactivity of these four phages. As a whole, however, the phages may 
be considered to form a serologically homogeneous group. 

Group B contains phages 29, 29A, 31, 3lA, 44, 44A, 52, 52A, AH2941, 
42 C and 42D. They are neutralized -by sera 29 and 42D, and although the 
neutralization titres varj'^, the group as a whole is serologically differentiated. 
Sera against 29 and 42D were used as it was thought that they might reveal 
differences in these phages, since phage 29 was isolated from a staphylococcus 


Table 1. The neutralization of staphylococcal bacteriophages by antiphage sera 

Anti-sera against 


Group 

Bacteriophages 

51 

29 

42 D 

X2 

K 

W 1339/789 

A 

3A, 3B, 3C, 14, 51, C, 7, 

20,000 

0 

0 

0 

0 

0 0 


42 B, 47 C, R1760 

42E, 47, 47 A, 47B 

10,000 

— 

— 

— 

— 

— — 

B 

29 

<20 

20,000 

1,000 

200 

tr. 

0 — 

29 A 

<20 

20,000 

20,000 

— 

— 

— — 


31 

20 

20,000 

10,000 

— 

— 

— — 


31A 

<20 

10,000 

20,000 

— 

— 

— — 


44, 44 A 

20 

10,000 

10,000 

— 

— 

— — 


52 

<20 

20,000 

10,000 

— 

— 

— — 


52 A 

20 

20,000 

2,000 

— 

— 

— — 


AH2941 

tr. 

1,000 

20,000 

— 

tr. 

— — 


42 C, 42 D 

<20 

4,000 

20,000 

200 

0 

tr. 0 

c 

X2 

0 

2,000 

200 

10,000 

0 

0 0 


G 12, S7 

0 

1,000 

200 

1,000 

0 

— — 

D 

K 

0 

0 

0 

0 

100,000 

200 0 

E 

W 

0 

0 

0 

0 

20,000 200,000 tr. 

F 

1339/789. 1339 ' ‘ ' 

0 

0 

tr. 

0 

0 

0 20,000 


1339'^ 








133' 
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Serology of staj^hylococcal hacteriojihages 1G7 

Phnge K is «. serologically distinct pliagc and is assigned to a separate 
group D. It is of interest since it has such n wide range of activity against both 
coagidasc-positivc and negative staphylococci. The only pliagc to Avhich it 
bears any appreciable relation is which lyses only some coagulasc-ncgative 
staphylococci. Phage W is assigned to a separate group E. 

Phages K and W are obviously also distinct from all the other phages 
examined. 

Group F phages arc neutralized by a serum prepared against phage ia.39/789 
and not by the other sera. No cross*reactions occurred between this serum 
and the phages of the other groups. The phages in this group were isolated from 
lysogenic eoagulase-positivc staphylococci of human origin. They resemble in 
many respects those of group A. The plmges which fall into this group arc 
1839/789, ISSQ/CKS, 1339/14S, 1339/S17. 1839/211, 145/211, CK5/145 and 
21. None of these phages has been used in tlic routine t>’|nng of staphylococci. 
There remains one phage, S 17/211, isolated from a lysogenic strain, wliich was 
not neutralized bj’ any of the available sera. 


Diversity of serological characters of phages 422?, 42 C, 427) and 42 E 

Table 1 shows that phages 42B and 42E fall into scrologiciil group A, 
whereas 42C and 42D belong to group B. Since these phages were all developed 
by adaptation from a single, presumably pure plmgc, tlicir history was 
accordingly re-examined. The original 42 filtrate was obtaincxl by lysing 
a strain 34 with the phage carried by strain 3C. Strain 34, Iiowcvcr, also carried 
ft phage which lysed 80. Phage 42A was derived from 42 by adaptation to 
strain 80, i.c. it was 42/30, Pliagc 42B was pliagc 42 adapted to strain 1103, 
and phage 42E was 42 adapted to strain 1070. Iiowcvcr, 42C was derived 
from phage 42 A adapted to strain 1307, and was used for adaptation to strain 
1303, becoming 42 D. 

Strains 3 1 and 30 were rc-cxnmined for lysogcnicity by cross-testing on agar 
plates with the stock propagating staphylococci. Strain 34 was found to be 
lysogenic for strains 8, 80, 1070 and R17G0, whereas strain 30 carried phage 
which lysed strains 3, 84, R17C0 and 1307. Plmges 30/0 and 30/1307 were then 
isolated by picking single plaques and rcpiating several times. Active filtrates 
of these plmges were then tested against sera 42D and 51. Phage 30/3 was 
neutralized by serum 51 and not by scrum 42D, whereas the reverse was the 
ease with phage 30/1307. It is apparent, therefore, that in tlic process of lysis 
of staphylococcus 00 by phage 42 A the plmgc carrictl by 00 and active ng.ainst 
1807 had also been set free. This ph.agc was present in smull numbers in the 
filtrate 42A. When the undiluted filtrate was added to strain 1307 during the 
process of adaptation, the plaques developing on 1807 were due to this pliage. 
It follows that plmgc 42 C is not a Inic adapted phage and i$ unrelated to 
phages 42B and 42E. It is also of interest that the staphylococcus strain 
30 carries two plmges which arc antigcnically distinct. 

Phages 42 and 42A Imvc been disc.ardcd from the collection, but plmgc 
47 is apparently similar to them and is propagated on strain 30. The stock 
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preparation of 47 gave a phage count of 210,000,000 particles/ml. when plated 
on 36, and of 1000 particles/ml. when plated on 1307, a ratio of 1 : 210,000. This 
ratio might be considered, in the absence of serological examination of the 
phages, as evidence of mutation, but is, in fact, due to the contamination of 
the 47/36 filtrate with phage derived from 36. Since a large proportion of 
staphjdococci are known to be lysogenic, it follows that in some cases apparent 
adaptation of phages may be due solely to the manifestation of contaminating 
phages derived from the propagating staphylococci. 

Correlation of serological groups toiih other characters of the phages 

Some of the characters of the phages and of the staphylococci which they 
lyse are set out in Table 2. 

Range of staphylococci lysed. Group A phages lyse only coagulase-positive 
staphylococci of human origin, whereas those of group B, although l 3 "sing only 
coagulase-positive cocci, attack both human and bovine strains. The group 

Table 2. The characters of the six serological groups of siajyJiylococcal 
bacteriophages and of the range of staphylococci which they lyse 

Characters of bacteriophages 

/ ' ' 
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C phages are of ovine origin, and their antigenic overlap with the grou]) B 
phages has already been mentioned. Phage K, which lyses both coagulase- 
positive and negative staphylococci has an antigenic relationship only with 
phage W, which lyses about 30% of the coagulase-negative staphylococci 
tested. There therefore appears to be a clear-cut relationship between the 
serological characters of the phages, their origins, and certain of the characters 
of the staph\'Iococci sensitive to them. 

Plaque size. The staphylococcal phages produce relatively small plaques on 
a"ar. Plaque size varies inversely with the concentration of agar in the 
medium. Brands of agar var\' considcrablj' in the consistenej' of the gels the}’ 
produce. For example, with powdered agar of New Zealand origin, a con- 
centration of 0-S % gives a gel of consistency comparable to that of the 1-25 % 
shredded Japanese agar used in man%" laboratories in the past. The shred agar 
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proved superior to the powdered agar which, in the concentration giving 
maximum plaque size, has a tendency to slip around in plates and is therefore 
more dirficult to manipulate. Provided that attention is paid to the brand of 
agar used and it is employed in a suitable concentration, measurements of 
plaque size should be replicable on a standaid medium. 

In the present investigation a medium containing 1*25 % of slu-edded agar 
was used, with added peptone, Yeastrel and Fildes’s peptic digest of blood; 
and the plaques grown overnight at 37®. This medium was developed in the 
Staphylococcal Reference Laboratory to provide satisfactory conditions for 
the maximum dcv’elopment of plaque size. 

For any given phage there is a fairly \ndc range of plaque size, and 20-50 
plaques were measured to obtain a mean plaque size. Among group A phages 
it varied from 0*33 to 0*7 mm., the range of individual diameters being 
0-1-1 *0 mm. The group A phages arc as a whole less variable than the group 
B phages. Among the group B phages there arc some which produce plaques 
up to 1*7 mm. in diameter (phage 44). Though mean plaque sizes range from 
0-3 to 1*2 mm., the group B phages tend to produce l.argcr plaques than any 
other group except group C, the ovine pliagcs which produce plaques up to 
1*3 mm. in diameter. X2 plaques arc cliaracteristic, being large and over- 
grown by sccondaty bacterial growth, giving a hazy appearance after oveniight 
incubation. The phages K, W and 21 produce moderately sized plaques with 
no particular distinguishing characteristics. 

Table 3 gives the range of plaque sizes and the mean plaque sizes in nun. for 
the majority of the phages, and illustrates the variation in plaque size. 

Grozvth requirements. Many staphylococcal phages arc difTicult to grow in 
broth cultures (Buniet & Lush, 1035; Fisk, 1942). Certain of Burnet & Lush's 
phages grew only on agar at 22® and not at 37®. Phage IC is an outstanding 
exception in that it regularly clears broth cultures. In contrast to Burnet 
& Lush's ‘weak’ pliagcs, all the plmges used in this investigation produce 
plaques at 37® on agar cultures containing Fildcs’s peptic digest of blood and 
Yeastrel, although irregular results were obtained in broth cultures. An 
explanation of these irregular results must be sought in tlie action of some 
factor other tlrnn tcmperatiirc. 

An attempt Avas made to estimate the time of the first release of phage from 
infected cells in Todd-IIeAvitt broth (1932). To 0-9 ml. quantities of broth 
placed in tubes in a wntcr-batli at 87®, 0*01 ml, of a young broth culture of the 
appropriate staphylococcus Avas added. folIoAvc<l by 0-1 ml. of pliagc so diluted 
in broth that a 0-02 ml. quantity of the final mixture on plating Avould giA'c 
10-20 plaques. Samples of 0-02 ml. were plated at the moment of mixing and 
at intcrA'als up to 2 hr.; a sudden increase in the phage tilre indicalctl that 
lysis of infected cells liad occurred. 

Phages K and W grcAv in these conditions, and after oveniight incub.ition 
cleared the cultures. Among the group A pliagcs, 0.\, 8B, 3C, 14 and 51 
multiplied in these conditions, the first rclc-asc of phage taking pl.Ace in 
55-70 min. This generation time is long compared Avilh that of Uacl. coli 
pluigcs or of staphylococcal plingc Avilh a generation lime of 05 min. 

tt 


ouins 
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The average burst size for phage 51 Avas found to be 35. Taking-into account 
the long latent period and the relativelj’- small number of phage particles 
released from each infected cell it is obAUOus whj^ complete clearing of broth 
cultures infected with these phages is rarety seen; the groAvth of the staphylo- 
coccus quickly outstrips that of the phage unless the dose of added phage is 
a large one. 


Table 3. Plaque sizes of staphylococcal j)hages 

Plaque size (mm.) 


Group 

Phage 
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B 
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52 
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X2 
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1-0 
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S7 
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0-08 

D 

K 
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E 
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0-C2 

F 

21 

0-2-0-7 

0-4C 
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equivocal. In some cases a rise in phage count occurred after 100-110 min. 
incubation, but no clear-cut evidence of bursts could be obtained. However, 
on the addition of 0-002 mg./ml. tryptophan to the broth these phages 
reproduced in a normal manner. 

No cA'idence of multiplication of group B and group C phages could be 
obtained. Indeed, in certain cases, notably 29, 42D, X2, G12 and S7, at the 
end of an hour’s incubation A'ery little of the added pliagc could be demon- 
strated on subculture. The inactiA’ation of phages X2, Gl2 and S7 is almost 
complete under these conditions (Table 4). With the remainder of the grouj) 
B phages and phage 21, there Avas a loss of 50-80 % of phage. That this phage 
inactiA’ation Avas not due to the temperature of incubation was sliown by the 
fact that no inactiA’ation occurred in broth containing no bacteria. 

Work in progress AA’ith the group B and group C phages indicates that they 
require the addition to the broth of factors present in the A'itamin B complex 
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and of unknown factors that arc removed from the broth durin" its stcriliz;ition 
by heat. TIic present interest lies in the fact that the variability in growth 
requirements is associated with serological character. 


Table 4. Inacllvaiion of ovine staphylococcal bacteriophages on inctihation 
at 37° in Todd-IIeicilt broth cultures of their propagating strains 
PhaRC count/int. 


Time (min.) 

X2 

Gl2 

S7 

0 

4,000 

80,000 

3,100 

80 

GOO 

— 


GO 

100 

200 

<50 

70 

200 

too 

<50 

80 

100 

50 

<50 

00 

50 

<50 

<50 

100 

50 

<50 

<50 

120 

<50 

50 

<50 


Table fi. Inactivation of staphylococcal bacteriophages afer heating for 1 hr. 
at 49°. The results arc expressed as percentages of phngc particles survivwg 


Bactcrjopliagcs % gtirvivinp 

C.T. 21, 420,47,47 A, 012 0 

14, 20, 51 1-5 

aA, ao, 3C, K 20-30 

S7 50 

X2, \y *00-100 


Stability. It had already been found by Dr V. D. Allison (persona! corti- 
munication) that certain of tlie phages used for tjqiing could be mnlnlnincd in 
tlie refrigerator for long periods of time without any loss of activity, while 
others showed a marked fall in litre on fasting a few weeks after preparation. 
But during the transport of pliagc filtrates from England to Australia, hy nir 
in a refrigerator, certain of the jihages became inactive. These unstable phages 
proved to be groups B and C. Groups A and F plmgcs and phages K and 
\V were, on tlie contrary, remarkably stable. 

Tliis instability of group B plmgas may l>c an expression of their general 
sensitivity to n variety of agents. Thus plingc 42D lost 95% activity after 
90 min. at 87° in quartcr-strength Ringer’s solution. Such inactivation did not 
occur when the phngc was incubated in broth or normal scrum. Ollier plingts 
in group B were not so markedly unstable. Nevertheless tliis instability makes 
it necessary constantly to check group B plmgas used for typing. 

EJfect of temperature. Tlie instability of the group B and C phages made it 
of interest to determine the temperature of inactivation In all tlie serological 
groups. An exposure of CO min. in a wntcr-balh at 49° was chosen. The phages 
were so diluted in broth that, on plating, countable numbers of plaques ucre 
obtained. Samples were platctl out at 0 and GO min. (Table 5). AVilli tuo 
axeejitions, namely, plmgcs X2 and IV, inwliich the survival rale was 90-1 00%, 
inactivation of tlie phages occurrtxl. Most of group A was ilcvuid of activity 
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nficr iinilin^r, hi, I, 20-;)0% of pli.-i^rcs !IA, ;}B and 3C were vinblc at the end 
•,f 1 lir. Pha/rc K re.sembled phages 3A, »]} and !iC in its behaviour. The 
dillVrent survival rales of the ovine phages reflect the difTcrenccs between 
these Ihrcc fihages already indicated by the ineomjdctc inactivation of S7 and 
C 12 l)y anti-X2 serum. 

One practical conclusion to be drawn from these observations is that heat 
treatment of lysates or of cultures of lysogenic staphylococci is of no value in 
freeing such material from staphylococci, .since the phages arc inactivated at 
lower temperatures than arc the bacteria. 


DISCU.SSrON 

In a previous paper (Rountree, 1947//) it was reported that miclcoprotcin 
fractions from coagulase-positivc strains M.5, 3 and 373 inactivated phage 51. 
It should be noted that M.*! is the propagating strain for phage 51, 3 for phage 
G and 373 for phage -I tA, and that these phages belong to the serological 
groups A and R. These results with phage 51 were in contrast to those obtained 
by Freeman (1037), who isolated from strains of staphylococci a polysaccharide 
which, in high dilutions, inactivated phage Au2 of Burnet S: Lush’s series. 
This phage is ajiparcntly similar to if not identical with pliagc K (serological 
grouj) D). 'J'hc behaviour of [ihagcs K and 51 with regard to serology, range of 
organisms lysed and time of multiplication indicates clear-cut difrcrcnces 
between these two jihagcs. It is therefore reasonable to sujjposc that they may 
be absorbed by difl'crcnt comjioncnls of the slajihylococcal cell surface. 

One consequence of tlie difl’crcnt serological behaviour of the various 
stai^hylocoecal phages is the necessity of characterizing stajibylococcal phages 
ns completely as possible, whether they arc to be used for phage typing of 
staphylococci or for observations on the fundamental problems of phage- 
bacterium relationships. The necessity of using antigenically similar phages 
for the identification of ^'’i strains of typhosum has recentlj’ been stressed 
b}’’ Craigie & Felix (1947). The occurrence as contaminants in stock filtrates of 
pliages carried by the lysogenic staphylococci used in the propagation of the 
stock phages, adds additional weight to the necessity of serological examination 
of phages appcai'ing during adaptation of phage from one strain of staphylo- 
coccus to another, and for caution in interpreting results of apjiarent phage 
mutation among the staphjdococcal phages. 

Tliis work was earned out under a grant from the Australian National Health 
and Medical Research Council. 
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The Isolation in Eggs of a New Filtrablc Agent which 
may be the cause of Bovine Lumpy Skin Disease 

JJv M. V.SN- jm:n KXJ)K, J’JIVLIJ.S A, JJOX and A. KIPPS 
Tlir J)ri>iirliiiriil of PathoUi'^ij, U/iii rrsiltj of Cape Toxai 

Sl'.M.MAHY: U.sin;; a Jillralo from an emulsion of skin nodules, Jymjdi node and 
a milk-duel nodule from a calf dead of bovine Lumpy Skin disease as starting 
malj-rial, a tillnildi; agent ^vas isolated by serial passage in eliick embrjos. Tlie agent 
affeets mainly Ibe skin slruetures of the chick etnhryo and results in a cbaraclerisfic 
slinmken feallierless embryo lightly \vrapj>ed in its amnion, and vitb almost 
eo;ni)lete disappearanee of nmni(»tie fluid. 

'J'lie agent af)i)ears to be a fillnible virus approximately 10-1*5 m/r in diameter. 
It was not [)atliogcnic for day-old chicks an<l atlult fowls, 

'i’lic virus was neutralized by the senjm of fowls wliieli bad received repeated 
intraimiseular iujeetions of the virus, suggesting that the vims is ctiologically related 
to Lumpy Skin Disease in cattle. lAirthcr work is needed before such a relationship 
c.'UJ be regar<icd as cspihlislied. 

The virus wilbslood beating to 00’ for 20 win., siin-ived in 50% glycerol for at 
least 1 week, and at a lcmi)cnilure of +4° for at least a monlb. It was destroyed 
by boiling for 2 min, and by incubation at ;]7’ overnight. Desiccation destroyed 
a largo part of the \-inis in a susj)ension, but that part which withstood the drj'ing 
{)roeess survi\'cd for at least a month. 

Touvirds the end of }04G ‘Lumpy Skin Disease’ in cattle became a serious 
problem to dairy farmers in the Western Cape Proi’ince, Union of South Africa. 
'J'he disease had been recognized previously and lias been referred to as 
pseudo-urticaria (MacDonald, 1031). It is a condition characterized by 
transient fever, nodular lesions in the skin and lymphadenopathy, which go on 
to necrosis. The necrotic areas in the skin separate, leaving superficial ulcers 
which idtimatcly heal. The mortality is low and results usually from secondary 
infections such as pneumonia. Animals do, however, sulTer severely in general 
condition and milk yields arc reduced. A summary of the present knowledge 
of the disease has been published by dc Boom (1917), and the clinical picture 
described by Thomas & Marc ( 1945 ) and von Backstrom ( 1943 ). 

E.vpcrirnental u'ork on this disease lias been carried out at The Veterinary 
Research Institute, Onderstepoort. On the basis of tJie results, the histolugical 
appearances of the lesions and the eiudciniology of the disease, it was suggested 
that the etiological agent was probably a filtrablc 'virus. The virus had, however, 
not been isolated, and transmission experiments succeeded only in bovines 
(Thomas & Mare, 1945). By its high incidence in dairy herds in the Cape 
Peninsula the disease soon threatened to create serious economic and nutritional 
problems, and prompted us to undertake the investigation recorded in this 
paper. 

Material 

It was anticipated that if the disease were caused by a virus, the infective 
agent would be found in highest concentration in the lesions present during 
the early stages of the disease. A striking earl}' manifestation ivas marked 
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enlargement of superficial lymph nodes such as the prcscapular, niui lymphoid 
material excised during life or at autopsy was consequently used. Skin nodules 
which, when possible, were excised during the first few days of tlic disease and 
before the onset of gross necrosis, were also itsceh Not only did we anticipate a 
highcrviruscontcntofsucli early skin nodules, but tlieclianccsof secondary infec- 
tion were minimized by the use of nodules witli unbroken overlying ej)ithclium. 

The first attempt to isolate the virus was made with a skin nodule excised 
under local anaesthesia from the flank of a Jersey heifer on the second day 
after appearance of cutaneous nodules (series L). A second attempt was made 
from skin, lymph node and a mammary duct nodule from a Jersey calf which 
died during the first week of a severe attack of Lumpy Skin Disease. At 
autopsy this calf was found to have suffered also from redwalcr fever, which 
probably contributed to its death (series W). Subsequently two more attempts 
were made to isolate the agent from Ijunph nodes, excised during the early 
stages of the disease, and three other attempts were made with excised skin 
nodules as starting material. 

A virus was isolated only in one series (W), reported in dcUiil below. With 
the possible exception of scries L all other attempts were negative in spite of 
two to five serial egg passages. Some of these were abandoned because of 
contamination. No significant lesions were encountered apart from an 
occasional gelatinous oedema of the chorio-ollantois. 

Methods 

The nodules were excised together with an ndcq\)atc rim of normal skin. 
The excised skin was pinned out, the hair and stipcrficlal layers of epidermis 
removed with a sharp razor, and the nodules thoroughly cleaned with a swab 
soaked in ether. The actual nodules in the skin were then excised, minced with 
sterile scissors, ground up as cfiicicntly ns possible in a itiorlar with an excess 
of Pyrex glass powder, and emulsified in Hartley’s brotli. 

Such crude emulsions were of course heavily contaminated with n variety 
of organisms. Before inoculation into eggs they were therefore either filtered 
through gradocol membranes with an avemge pore diameter (a.im).) of 
GOO-1000 m/( or treated with pcnicillin. On several occasions, including series 
Vi in which a virus was isolated, streptomycin was also nddctl. 

Tlic emulsions were used for the inocxilation of rabbits by the intrndcmml 
route and of chick cmbrj'os. On two occasions mice, gcrbillcs and guinea-pigs 
were used in addition, a variety of inocul.atiou routes (iiitnidcminl, intra- 
pcritoncal and iiUmnasnl) being employed. Serial transfers were carried out 
only in eggs, usually at 3-0 days’ inlcr\*nls. ThcrcsulLs obtained with lal>oralnr\* 
rodents were uniformly negative, and these animal experiments will not bo 
described further. Negative results with tlic usual labomlorj* niumnK have 
been rcportetl also by the workers at Ondcrstq>oort (cf. dc Boom, 10t7). 

Eggs incubatctl for 9-U days at 39® were inoculalctl nitli npprovirnatcly 
0'2a nil., half being injected into thcnmniotic cavity .and llie rt'in.ainder j)lace(l 
on the chorio-allantoic mcnibnmc. The inoculation tcehniiiue cmploytsl vas 
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Mmt. (i(;.scril)(;(I l.y Bcvorid/ro tV. Jliirnct (IJMO). In some eases eliorio-allnnloic 
membrane jilone emulsified in Ifarf ley’s broth was used for serial transfer. In 
the majority of eases, however, ehorio-allanlois, amnion and the wliolc embryo 
exeept eyes, h;/:s and wiu«s, emulsified in approximately 15 ml. of embryonic 
fluids and broth, was used. In filtration experiments embryo emulsions 
received preliminary <;larifie.iition throu/,di paper-|)ulp, after which they were 
passed Ihrouj'h a series of gradoeol membranes with A.p.n.’s varying from 

loot) to tJl m/'. 

UESL'I/i’.S 
Isolation of a 'tarns 

Series L. A eubmeous nodule obtained by biopsy during the second day of 
skin manifeslalion was emulsified iji broth with added penicillin, and the 
material inoeulated into four 10-dny-old eggs. 'J’wo eggs opened on the 4th day 
after inoculation had ocdomntotis semi-opaque ehorio-allantoic membranes. 
One showcjl in addition an amniotic.snc.soe/nj)ty of fluid that the amnion was 
closely applied to the embtyo. Another opened on the 5th day showed a number 
(c. hO) of indistinct small focal lesions in the ehorio-nllantois. 

From the first two ehorio-allantoic membranes and succeeding ones a 
number of serial transfers were made in eggs. Most of the eggs used for these 
passages were 12-14 days old before inoculation. One such scries went to the 
7th })assagc, others were discontinued after Srd, 4th or 5th passage. Attention 
was i)aid almost entirely' to the focal lesions on the cliorio-allantois. They 
occurred, however, ndth grciit irregularity, and with continued passage became 
increasingly difficult to identify even with the aid of a liand lens. Although this 
atlcmpt to isolate a virus was finally abnndojicd, several observations were 
made which arc worth recording in the light of subsequent observations. 

Thus a very marked gelatinous oedema, cspcciall)' of the chorio-allantois but 
occasionally also of the embryo itself, was noted repeatedly. In one of the 
eggs, which received the original skin emulsion, the amnion was tiglitly 
applied to the shrivelled embryo — an ai^pcarance recognized as significant in 
the next series (W); and in an egg of 5th serial passage the embryo showed 
abnormal feather development, with haemorrhage in the feather follicles and 
feather shafts. 

Scries W. The starting material consisted of an emidsion of skin nodules, 
lymph node and a milk-duct nodule from a calf examined within an hour of 
death from Lumpy Skin Disease and redwater fever. Part of the emulsion was 
treated with penicillin and strcptom 3 '^cin and the remainder was filtered 
through a gradocol membrane with an a.p.d. of GOO nyi. The material received 
no preliminary clarification other than an hour’s centrifugation at c. 3000 r.p.m. 
in a horizontal centrifuge. A second group of eggs reeeived the penicillin- and 
streptomycin-treated emulsion without preliininaiy filtration. This material 
was discarded after three serial passages because of gross contamination. All 
these eggs and those used for subsequent transfers had been pre-incubated for 
9-11 daj'’S before iiroculation. 

Four of the six eggs which received the filtered material were dead on or 
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before the sixth day after inoculation. One of the survivors opened on the 
sixth day showed marked gelatinous oedema of the chorio-allantois and 
numerous haemorrhages into the feather follicles. Emulsions of this embryo 
and its membranes in Hartley’s broth were bacteriologically sterile, and 
when injected into eggs produced the picture which subsequently came to be 
regarded as characteristic for this virus, and has been uniformly reproduced 
in all succeeding experiments, in which more than 1500 eggs have been used. 
The characteristic appearance has so far persisted tlirough more than thirteen 
serial passages. 

Eggs usually received 0*25 ml. of material. They were usually opened on the 
4th or 5th day after inoculation, when affected eggs characteristically showed 
marked gelatinous oedema of the chorio-allantois, so that this membrane was 
often nearly 0*5 cm. thick, semi-opaque and jelly-like in consistency. Well- 
defined focal lesions could not be distinguished, although large non-specific 
lesions were occasionally present along the larger blood vessels. 

The amnion was often thickened and more opaque tlmn normal, but well- 
marked oedema like that in the chorio-allantois was seldom encountered. The 
amnion was usually tightly contracted round the undersized, shrivelled embryo. 
The cmbrj'o itself, apart from its small size, was tightly curled up and willi little 
or no feather development. This feature varied a great deal according to the 
age of the embryo when infected, 

Embrj’os more than 10 days old at the time of inoculation usually showed 
more feather development, especially along the back. The feathers were, how- 
ever, poorly developed, the follicles and sliafts irregularly swollen and often 
hncmorrliagic. In younger eggs there was as a rule only slight follicle develop- 
ment limited to the back, and this part was frequently loosely ndlicrcnt to the 
closely applied amnion. Numerous intracyloplasmic inclusion bodies w’cre 
demonstrable in the skin and subcutaneous tissues. The histological features 
will be reported in detail elsewhere. The appearance of the feat herlcss, shrunken, 
curled up cmbrj'O in its amnion was reminiscent more of an insect pupa enclosed 
witiun its pupal case than of a chicken (sec Plate 1). 


Tlt€ properties of the virtts and attempts at its identijication 
Filtration. Emulsions of wliolc cmbrj'o and membranes in Hartley’s broth 
were, after preliminary’ clarification through paper-pulp, filtered in scries 
through gradocol membranes with a.p.d.’s of 070, 270, llC and 52 m/i. All 
filtrates were free of an indicator organism, C/iromol>acter{u7n prodi/^iomin 
(Serratia rnarcesens), with which the original emulsion liad been hc-avily scc<lcd. 
Each filtrate was used for the inoculation of six H-d-ay-oId eggs. They were 
obsers*c<l for 4 days, after whicli all survivors were opened. (Limited supjilies 
of eggs did not allow of titration of each filtrate.) The results recorded in Talilc 1 
show that all filtrates containcil the active agent. 

There was some doubt at tin’s stage whether the agent responsible for the 
nbnonnnlitics in the chick embryos could be rcgartictl as a vims; Hint instead 
it might be n soluble toxic substance produced by a conUaminnting organism 
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which would iiol i>r<)\v in the ordinary bacteriological media in current use in 
the hihonitory. In (hat ev’cnt the agent would not ho transmissible in series 
from eggs wliicli in (he /irst place had received a bactcria-frce filtrate. 
Accordingly, one of the emljryos (in Table I) which showed specific lesions 
aHci inocululion with a lit) ni// filtrate was used for furtlier filtration, through 
membranes with a.c.d.’s of 270. 110, .^52 and 21 rn/o That a filtrate through 
membranes of A.r.o. r/J ni// or higher is still active is shown by the results 


'J'abie 1. Filtralioii of ihc virus thronj^fi f>ra(locol membranes 


A.iM). of tncintinmcs (m//.) 

< ■' 

(ITO ”70 11(5 


I);' Aiitolysfd 
DTi Autolysed 
!).' 'ryjdcal 
I).7 'I’yja’cjd 
ICTi 'J'yiiicid 
K ii 'I'ypicJd 


]).7 Anloh'scd 
D'l Aiitolyscd 
1)5 'I’ypicjd 
1)5 'I’yjdetit 
1)5 'I'ypicid 
K5 'J'yjiif'id 


1)5 'J'ypic.'d 
1)5 'I'ypicnl 
K5 'J'yiiienl 
Iv5 'I’yjjical 
K5 'J'ypiad 
K 5 Tyjiicid 


1)5 .‘Xuloh'sed 
1)5 Aiitolyscd 
1)5 Tyjiiad 
K5 Typical 
K5 Typical 
Iv5 Tyjiical 


* Used for farther (iltnition (sec text j). ITS and Table 2). 
D5 = dicd on or before 5lh day. 

Iv5 = alive and opened on the 5th day. 


recorded in Table 2. The filtrate obtained through a membrane with a.p.d. of 
21 nyi, on tlie other liand, coiujilcteh' withheld the virus. Althougli tlic c.xact 
determination of size requires further investigation, these results suggest that 
the particle size of the aetivc agent lies between 10 and 25 m/o Repetition of 
these e.vperiments gave .similar results. 


Table 2. 

Filtration of the virus from embryo inoculated xciih 
{cf. 'Fable I) through gradocol membranes 

A.v.u. of membrane (m/i) 

* _ _ _ _ 

a filtrate 

! 

270 

52 

52 

21 

21 



Dilution of virus 



l/I 

1/100 

l/I 

1/100 

1)5 Typical 

D5 Typical 

1)5 Typieid 

K5 No lesions 

D5 Autolysed 

K5 Typical 

K5 Typical 

1)5 Typical 

K5 No lesions 

K5 No lesions 

K5 Typical 

K5 Typical 

K5 Typical 

K5 No lesions 

K5 No lesions 

K5 Typical 

K5 Typical 

K5 Tyjiical 

K5 No lesions 

lv5 No lesions 




K5 No lesions 

lv5 No lesions 




K5 No lesions 

K5 No lesions 

D 5 = died 

on or before 5th day. Iv5 

= alive and opened on the 

5th day. 


TUrcs of ihc virus in the chick embryo. Emulsions of n-hole embryo and 
membranes in a total volume of 15 ml. of mixed embryonic iluids and broth, 
centrifuged for 20 min. at c. 3000 r.p.m., have been repeatedly titrated. 
Tenfold dilutions of the emulsion in Hartley’s broth were each used to inoculate 
groups of three to six eggs. The results of a typical experiment are recorded 
in Table 3. 
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Because non-specific deaths amongst the cluck embryos ^vc^c fairly frequent 
and irregular, reliance has not been placed on eggs ^vhich were dead at the 
time of opening (3rd, 4th or 5th day) unless autolytic cliangcs were so slight 
that the lesions were, unmistakable. Several times the results with higher 
dilutions were irregular, but even if that dilution giving rise to characteristic 


Table 8. Result of titration of virus suspension in eggs 
Dilution of virus suspension 


10 -a 

10 -s 10-* 10-‘ 

io-» 

2D4 Autolysed 
2K4 T>7)ical 

2D3 Autolysed — SJD3 ?NS 

2K4 Typical 5K4 Typical 1D4 Atitolysed 

— — 1 K4 Typical 

(5K4 Xo Ie^^ons 


?KS= prohahly non-specific. 
xDi/=i' dead on or before the t/tJ‘ 
xKtf^x alive and opened on the ytlt day. 



lesions in nil the eggs inoculated, and which survive to the 4tU day, be 
defined as the end-point, the titre must be accepted as fairly high: at least 10-^ 
of an emulsion consisting of one embryo in 15 ml. Subsequent tltratiojis 
indicated an evcii higher virus content. Thus in neutralization test.s reported 
below 10% suspensions (w/v) of virus-infected embryos "in broth were used. 
These suspensions on several occasions attained a titre of 10-®. 

The effect of drying. Emulsions of whole cmbrj'o in allantoic fluid, centri- 
fuged for 20 min. at c. 3000 r.p.m., were distributed in ampoules in 0*5 ml. 
amounts and then dried in a high-vacuum spin frcczc-dricr (Greaves, 10 14), 
with and without j)rcliminary freezing. The litre of rcconstihitcd dry suspension 
has on each occasion been found to be approximately 10-*. There is tlicrofore 
at least a thousandfold drop in litre on drying by this method, Imt once dry 
the material maintained its potency with little or no alteration for several 
montlis. 

Tabic 4, Susceptibility of the t'irus to heat 
Trralmcnt 

Unhentctl OO’forWniln. 100’ for'J niln. 

iDlTj-pical 1 IJ4 AutoIj-v:<! 4K4Nolt^ions 

4K4T>’picnl 2K4T>-pi<*ul — 

1 K4 'fj'picnl (sliptil) 1 K4 T>'j>lcnl ~ 

= x dead on or Ijcforr the i/th dny. 

* oIivT «m) oj>ei»rd on the ylh day. 

Siiscrplihilil!/ of the rims la liral. Samples of undilHtnl emiiNimis of vinis- 
infccted embryo were healed to CO” for ‘M min. or to 10(1° for !! min. The healed 
emnhion, ns well as control material which had been left at room temperntnre, 
was inocnhitcd into Khday-old chick embryos. The resnlls rmirded in Table 4 
show that this vinis can withstand heatinj; to 00° for 20 mm., lint timl lioilinj; 
destroys it. In one c.'tiicrimcnl it was found to he destroyed by overnight 
incuh.ation at 37°. Tlic vims mainlainedit-sinfcctivity for the ei,’i,-i at rcfriyeralor 
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fcinprinl.urcs (-{-•]• ) for at Jeast a month, and its potency for at least a week 
in ')()% j'lyeerol jit -1-4°. 

PdlhojicnicUn for chicks mul niUiU foxch and incparnlion of immune scrum. 
Adult fowls and day-old chicks were ohlained from the supplier of the fertile 
eiT/^'S used in I his investi/raiion. Fresh cliick embryo emulsion was injected 
iiilramuseiilarly and sulxmlaneously into four adult fowls and four I-day-old 
ehieks. At the same time some of the inoculum was rubbed into tlie skin of 
a small area on the chest from which the down or feathers liad been plucked. 
None of I he birds developed any symptoms or signs of illness during a 3 weeks’ 
oijserval ion period. 


Tal)le a. Neutralization of virus by imvntnc foxcl scrum, ntxd by 
normal and convalescent bovine sera 


Jnociiliiin 


\’iriis + l)roth 
A UD-t Atitolyscd 

;}K4 Ty|)icnl 
U 2IJ4 Auloly.scd 
•1K4 Tyiiicnl 

1 K-l Typical 
(slifilit) 


Vims + * normal' Virus + con- 

Virtis + noniial t’irus + ijiiniunc bovine .scrum vnlesccntbovinc 

fowl serum fowl .scrum (local) scnmi (OHO) 

J D t Auloly.scd 1 D-t Aiitolyscd — 21)4 Autolysed 

1 K4 No Ic.sions* — — — 

aK4 Typical 0K4 No Ic.sions — 2 K4 No lesions 

— — 21)4 Autoij'sed 2D4 Autolysed 

— — 1 K4 Typic.al 1 K4 Slight 

lesions 

— — {JK4 Slight 4K4 No Ic.sions 

lesions 

— — 1 K4 No lesions — 


* The absence of lesions in one egg while others of the same group .showed typical lesions, 
was seen verj' occasionally even using inocula of many infective doses. The explanation 
is that occasionally the inoculum is accidentally placed outside the nmniotic cavity, in spite 
of precautions taken to avoid this. 

,Tl)g=a; dead on or before the yih day. 
aKy =!c alive and opened on the yth day. 


The adult fowls then received six further injections at 2- or 3-day intervals, 
ach of one-quarter of a -vurus-infccted embryo and membranes emulsified in 
aline. They were bled from a wing vein on the 10th day after the last injection, 
nd the Seitz-filtered serum was stored in measured amounts in the dry state. 


Neutralization tests with the sera of foiols immunized against the egg virus 
and of bovincs convalescent from Lximpy Skin Disease 

In the earlier part of this work dry stoek virus of known titre was used. The 
ry stock virus with a titre of 10-” was reconstituted in broth. Appropriate 
ilutions were mixed with equal volumes of various serum samples under test, 
n the eontrols broth was used instead of serum. The results of a t}q)ical 
xjieriment are recorded in Table 5. 

These results were obtained with relatively small numbers of eggs, but 
milar findings were obtained in other experiments. Table 5 shows, in addition, 
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that ‘normal’ bovine scrum obtained from a local slaughterhouse possessed 
neutralizing power, though less than that of known convalescent sera. A study 
of the incidence of the disease in daily herds revealed that often the majority 
of animals in a herd are refractory to the disease. Tliis may be because these 
animals have suffered an inapparent infection at the time of the outbreak or 
previously. As the slaughterhouse was supplied from areas in which the disease 
was at the time prevalent, the serum obtained from them could not be regarded 
as providing satisfactory' normal controls. 

Sera were subsequently obtained from bovines which had at no time been 
exposed to the risk of infection, and from animals which had sufrered the 
disease under controlled experimental conditions. These sera were tested 
according to the method here described, as well ns by a second method using 
fresh vims suspensions instead of dried vims. The modification in technique 
was introduced because of the possible interference with the neutralizing power 
of semm by a large amount of inactivated vims present in dried suspensions. 
With one exception the results of these further experiments confinned the 
presence of neutralizing antibody in the sera of cattle convalescent from the 
disease, and the absence of antibodies from the sera of normal cattle. These 
experiments, which were undertaken together \rith Dr II. Alexander of Onclcr- 
stepoort, will be reported in detail elsewhere. 

The control serial passage of normal chick cmhnjo material 

Tliroughout the preliminary' work it was realized that tlic virus which had 
been isolated might bear no relation to the etiology of Dumpy Skin Disease 
in cattle. One of the possibilities, though c.\trcmcly remote, was that serial 
transfer may have revealed a latent \'ims present in the eggs, neveridge 
& Bumet (1940) point out that the usefulness of eggs in vims research depends 
to a large extent on the fact that no latent viruses have yet been dcmonslratcil 
in eggs. 

It was decided, nevertheless, to earn' out a parallel scries of egg passages 
with normal embryo as starting material. An attempt was made to carry out 
these passages and the vims transfer under identical conditions. Often, tlicrc- 
forc, the virus and control passages were done at the same bench, on the same 
morning, and using the same instmments. It was also not rcnlizcil at tliis time 
that the vims was relatively' licat-rcsistant. Risks of accidcnt.al transferor tlic 
vims to tlie control normal embryo pass.agc scries were thcrcrorc great, and this 
was brought out by' subsequent experience. Characteristic virus lesions 
suddenly appeared in the control series after llu^c passages. 

A fresh scries of controls was therefore started and enrrietl out with every 
precaution to prevent contamination. This scries was nbandonc<l after the 
lOlh serial transfer, without the occurrence of any lesions resembling tJiosc due 
to vims. Subsequently serial passages in eggs have been undertaken on 
numerous occasions without the appearance of lesions resembling lliovc 
described above. 
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]jis(;i;ssK)N 

1 lien; cjin lx; lit I Ic (IouIjI, I Iwil, I iu; iiffcnl. isolnfod iii eggs is n vims. It produces 
(’lmi'acl(;risl ic lesions even wlien ttiven in snudl doses, imdiiplics actively in tlic 
eggfi, is lillnd)Ie, and is anf iffcnie. Ils size, aeeording (o tlic preliminary experi- 
nienls recorded in lliis jjaper is in Ihc re/,don of 10-2/) m//. 

1 1 se(!ins probable I bat Ihc oce/isional occurrence of gelatinous chorio- 
allanloi(; membranes jind .nbnormalil ies of Ihc cnd)ryo recorded vith the first 
series (Jj) was due lo I he same agent. Tliat these findings were not more 
fre(|uent can probably be exj)lained by the fact that older embr 3 'os were used 
for thos(! experimenis. Subsequent experience has shown that embryos are 
mueh less suscx'pliblc when infected after skin and feather development is well 
advanced. .Also in scries L attention was paid particidarly to the lesions on the 
ehorio-allanlois for which the older eggs apj)cared at the time to be more 
salisfaetoiy. Later experience with series W indicates that although virus 
multiplies in the ehorio-allanlois, it produces no constant recognizable 
abnormalily* of the membnmes or etnbr\'o, apart from the somewhat irregular 
development of a striking gelatinous oedema of the chorio-allantois. 

The exact jiaturc of the virus cannot be established until pathogcnicitj' tests 
have been carried out in a varict v of animals, ineluding bovincs. The neutraliza- 
tion of virus by sera from animals convalescent from laimpj' Skin Disease is, 
however, prcsumiitivc evidence that the virus maj' be ctiologicalh’ related to 
the bovine disease. It is interesting in this connexion that the apparent size 
of the virus is nearer that of foot and mouth disease than that of the animal 
pox viruses. 

It is striking that isolation of the virus succeeded onlj’^ on one occasion; in an 
earlier attcnijit the virus lesions were j)robablj' present, though they were 
unrecognized. In spite of repeated efforts, ever}’ sid)scqucnt attempt to isolate 
the virus has failed. It maj' be significant that the successful material was 
obtained from a fatal case in a calf during the earlier phases of the epidemic, 
whereas subsequent material was obtained bj' biopsy from adult animals, all 
of which recovered. 


We arc grateful to Dr M. Horwitz for liclp in collecting material; to Dr Bull, 
Mr H. AVoods, Mr Louw, Mr H, Levinkind, Mrs Maclianick and others who gave us 
access to material on their farms. Dr G. Sclzcr kindly examined the histological 
preparations for us, Mr W. Taylor prepared the photograph, and Mr G. S. Turner 
gave us valuable assistance in the laboratorJ^ The constant helpful interest of 
Dr R. Alexander was a great encouragement to us. 
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EXPL.\>:ATI0N' of PbATb: 

The five cmbrj'os at the right show the tj*pical lesions causwl by tlic fiUerablc agent. The 
five embryos at the left ore normal, and of the same age. 


{Heceived 5 Jttlt/ 10 IS) 



A Method of Estimating Streptomycin in Serum and 
Other Body FJiiids by Diffusion through Agar 
Enclosed in Glass Tubes 

Ih- 1). A. MITCIIISON AN'n C. C. SPICER 

The Posli<rit(liutlc Mcdiatl School oj Tendon, and IJoxpUal for Coimtmplion and 
JJi'srasrs of the Chest, IlrompUm, Loudon; mid Jmperial Cancer Jtescarch Fund, London 

SUMMARY: Ktreploniycin nmy be esUiimtcd in body fJuids J)y xiJJoning tlic fluid 
la diffuse tbraugli juilricnt agar seeded with a culture of Staphylococcus aureus 
contained in sniall-diainelcr (a nun. inlcrnal) glass tubes. Tlic zone of inhibition 
IJrodiiccrl is affected ncitlicr bj' t fic afinerobic conditions u-ithin the agar nor by the 
voiunic of the lest fluid. Acidity of the test fluid invalidates the results, since the 
depth of the zone of inhibition is decreased. Increase in the size of the inoculum of 
the lest organism also decreases the depth of the zone of inhibition. Small errors 
arise from variations in timing during the setting-up of the test. The zones 
produced in the presence of different human sera differ slightly and to a degree 
similar to that found in tiic presenee of various urines. 

The available mathematical exjxrcssions stiggcst that the sqrinrc of the depth of 
the zone of inhibition is linearly related to the log of the concentration of an anti- 
biotic in the lest fluid. Experimentally this relationship does not hold for low 
concentrations of streptomycin, fjrobably due to the assumption of boundmy con- 
ditions which cannot be defined with certainty; but it is a better approximation tlian 
the assumption of a linear relationship between the depth of the zone of inhibition 
(unsquarcch ^>nd the log of tlic streptomycin concentration. A method of statistical 
annly.sis is given in which a weighted regression line is fitted to the squared values 
of the zones of inhibition in a manner analogous to probit analj’sis. The routine 
method may be refined without undue labour to the point where assays arc accurate 
to within +ii%. 

One of the most widely used method.s for estimating streptomycin in body 
fiiiids is that of Stebbins & Robinson (1945). In tliis metbod the sensitivity 
to streptomycin of the lest organism, a strain of Staphylococcus aureus, is 
increased by \ising 1 % agar, slightly alkaline and with a low salt content. The 
solutions arc applied to the surface of seeded plates in Oxford cylinders. 

A twofold increase in the concentration of streptomycin in the fluid to be 
assayed produces a smaller increase in the diameter of the zone of inhibition 
than is produced if similar solutions of penicillin are used. Variations caused 
by the method of applying the solution to the seeded agar tlierefore diminish 
the accuracy of the estimation to a greater extent. When using conventional 
plate methods with Oxford cylinders, filter-paper disks or cups cut with a cork 
borer, this source of variation decreases the accuracy of the estimation con- 
siderably. Variation is also increased by failing to use jilates of uniform size 
with flat bottoms, which are difficult to obtain at the present time. It has been 
shown by Hayes (1945) that the depth of agar in the plates affects the size of 
the zone of inhibition when estimating the concentration of penicillin in fluids. 

To minimize these variations a method has been evolved in which the 
seeded agar is pipetted into lengths of 3 mm. internal diameter glass tubing 
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sealed at one end. The test fluid is then pipetted on to the top of the ajrar 
column thus formed. The procedure is more rapid than any of the plate 
methocls and also allows for a greater flexibility of experimental design. It \iscs 
a minimum of apparatus and a measurement may be made on as little as 
4 drops of serum. Under routine laboratory conditions nineteen out of twenty 
assays w ill lie within about 25 % of the true value. Examples of an accurate 
assay procedure will be given where nineteen out of tw’cnly assays would 
fall within the limits of ±5%. Originally developed for use with scrum as 
the testfluid, it can be used w’ith the same accuracy for assaying streptomycin 
in cerebrospinal fluid, pleural, peritoneal and pericardial fluid and urine. With 
less accuracy it can be used for neutral or alkaline pus and for acid p\is con- 
taining large amounts of streptomycin. It cannot be used for acid pus and most 
sputa containing small amounts of strcjdomycin. The fluids do not need to be 
sterile, nor do they need inactivation. The range is 1-1000 //g. streptomycin 
base/ml., with greatest acctiracy in the range of 2-100 //g./ml. 

THE ASSAY TECHNIQUE 

MoteriaU used. The test organism was Siaphyhcoccits numis, X.C.T.C. 7001, 
obtained originally from the Mayo Clinic where it is used for cslinmting 
streptomycin. The Staph, aureus Oxford H was also used and similar 
results obtained. Members of the genus Bacillus or one of the Gmm-iiegativc 
bacilli w'crc not used because they were inhibited by fresh semm, but, \mdep 
circumstances where this did not apply, they could be used in essentially the 
same manner. TIic Staph, aureus chosen was maintained by daily transfer in 
broth (peptone, 1 %; Lab Lemco (O.xo Ltd., London), 1 %; sodium chloride, 
0*5 %), but it was possible to use the same broth culture incubated for 18 hr. 
and then kept in the refrigerator for a week. 

Tlic ngnr medium used in the assay was prepared from nutrient 2®/o agar 
(digest broth containing 2% Jaimncse agar) by diluting one volume with nn 
equal volume of 1 % i)cptonc and adjusting the pH to 7*S-8*0. l\n)cn this ngnr 
was diluted to 0*07% and sloped in Oxg in. Uibcs the slopes retained their 
shni>c after 18 hr. incubation; with ogar dilutcfl to O-Jt % they collapsed. The 
nutrient 1 % agar was autoclaved in 10 ml, amounts in 1 oz. scrcw-c.apped 
bottles. Nutrient agar of the same gelling power, made with New Zealand agar, 
was less satisfactory because it was more diflicult to pipette and the zones of 
inhibition were smaller. 

Glass tubing of 3 mm. internal diameter was cut into 7-8 cm. lengths. The<c 
were scalc<l at one end and dr>’ sterilized in bulk. When the tubing was narrower 
tilling became difllcult, whereas wiicn it was wider the quantity of fltnd required 
for the test was incrcasctl. After use the lubes were cic.ancd without iiulividunl 
handling by boiling in soap or Kinray powder solution (Ucddisli Chemical 
Works, llcddish, Stockport) followctl by Iwtling first in dilute hydrochloric 
acid and then in distilled water. A microscope with a vernier millimetre scale 
attached to the mechanical stage and n cross-wire in the eyepiece was used for 
reading the depth of the inhibition zone. 

CUIUS <3 
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Method 

(1) The nulricnl. 1 % ngar was thoroughly melted in a scrcw-cajjpcci con- 
tainer and transferred to a •t.'i® water-bath. It was often corn-cnient to leave 
if. in a .'50° water-bath Jind I, lien transfer it for a few minutes before u.se to 
a 15° waler-bnih on the boich. 

(‘2) The Iluids to be tested were prepared and controls made up. .Senim and 
eercbros[)inai fluid ncedcfl no jircparation. Urine was adjusted to pH 7-8, 
using cre.sol red in aqueous solution as n»i internal indicator, and then diluted 
1 in 10 or 1 in 100 in m/J.' 5 phosphate buffer (pll 7'8), since urine usually 
contains a high streptomycin concentration. For the controls two difTcrent 
streptomycin concentrations were used, values being chosen so that one was 
at the U})per limit and one at the lower limit of the expected range of the 
‘unknowns’. Thus in measuring the amotmt of streptomycin present in the 
scrum of patients receiving 0-.'5 g. streptomycin intramuscularly every 0 hr., 
the amounts present in the serum ranged from about 0 to 80 /^g./ml. Controls 
of •}■ and .'J2//g./ml. were therefore stiitablc. When the range of values to be 
tested was unknown, controls at 4 and G4 //g./ml. were made up. When testing 
scrum the controls were made up in human scrum. When testing cerebro- 
spinal fluids they were made tip in distilled water. Urine standards were made 
up in the phosphate buffer used for dilution. 

(8) A roll of plasticine (Harbutt’s Plasticine IVorks, Bath) was placed on 
the bench and into it were inserted vertically groups of tubes, a group for each 
specimen to be tested. Each of the groups for an unknown specimen contained 
four tubes and each for a control six tubes. 

(4) From an overnight culture of the Staph, aureus grown at 37°, 0-1 ml. 
was taken and added to 10 ml, sterile water; 1 ml. of this was added to the 
melted agar (final dilution of 1 in 2000). With a smaller inoculum the edge of 
the zone of inhibition became difficult to define, and with a larger one the 
sensitivity of the test w'as decreased. 

(5) The agar was then shaken ^'^gorously to mix in the inoculum thoroughly 
and, with a wide-bored Pasteur pipette the seeded agar was pipetted into all 
the tubes as rapidly as possible. The columns of agar in the tubes were about 
2-8 era, long. As the pipette was withdrawn, a little agar was sucked back to 
ensure an evenly shaped meniscus. 

(6) The agar was allowed to set for at least 5 min.; a shorter interval allows 
fluid to enter between the agar and the wall of the tube, causing an abnormally 
large zone of inhibition in a proportion of the tubes. The control and test 
fluids were then gently pipetted on to the tops of the agar columns. The 
volume added was immaterial so long as it produced a layer at least 1 mm. 
deep. 

(7) The tubes were incubated overnight at 37° in a labelled rack. The depth 
of zone of inhibition was not altered by incubation for a further 48 lir. 

(8) The depth of the zone of inhibition was read by using the millimetre 
scale on the traversing mechanical stage of a- microscope. A small ridge of 
plasticine was put on each end of a microscope slide which was placed on the 
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mechanical stage. The tubes were laid across the two ridges. The eyepiece 
crosS‘wire was focused on the centre of the meniscus between fluid and agar 
using a | in. objective and reduced lighting. The readings on the scale were 
taken to the nearest 0*1 mm. The stage was traversed till the cross-wire was 
at the edge of the growth. Tlie difference between the two readings was tlie 
depth of the zone of inhibition (i/). As one passes towards the test fluid there 
is first a zone of normal growth with wcU-spaced colonies. Tlicre is then a zone 
in which the colonies are of increased size and which ends abruptly. Measure- 
ments were taken from this latter edge. Since these larger colonics are as 
numerous as in the zone of normal growth, and since the zone h.as an appreciable 
width, it would seem unlikely that the increased size is due solely to a diminished 
competition for li\nng space. As one proceeds farther towards the test fluid, 
one can still see a few very small colonics; their numbers gradually decrease. 
The sharp definition of the edge thus appears to be due to some factor causing 
an increase in colony size rather tlmn to bncteriostasis alone. The decreased 
size of the boundarj' colonies was always relatively larger when measurements 
were made on semm than when cerebrospinal fluid or b»ifTcr solutions were used. 
When acid solutions containing streptomycin in low concentrations were used 
the zone of growth lacked this sharp edge and, instead, the number of colonics 
gradually decreased over a distance of 0*2-0-3 mm. or more. When this 
occurred the inlubition zones were always smaller than with an alkaline 
solution of the same concentration. I’cnicillin, extreme degrees of acidity or 
alkalinity, phenol, ethanol and acetone all tended to produce zones of inhibition 
of the latter type, and their presence in the fluid to be assayed couhl thus be 
recognized. 

(9) The measurements for c.ach tube having been made, tljc average for 
each group of tubes was taken and this figure squared. A gniph was prepared 
with the square of the average zone of inhibition as the ordinate and the log,o 
of the streptomycin concentration ns tlic abscissa. The two control points on 
this graph were plotted and joinctl with a straight line. This line was used for 
reading off the logj^ of the streptomycin concentration in the unknown fiuid. 
Tlic actual value was obtained by conversion using an antilog table. A typical 
example is given in Table 1. 

Criteria for the method and notes on sources of error 

Ep'ect of anaerobic conditions in the agar eohimn^. One of the first criticisms 
of sucli a method that would l>c made is that anaerobic conditions arc 
established in the depths of agar columns, and that it has l)ccn rcportcil 
(Geiger, Green Sc Waksman, 19 JO; May, Vourckn Sc Fleming, 1947) that 
nnaerobiosis affects the minimum conccnlralion at which streptomycin inhibits 
the growth of organisms. Thus it would seem to follow that a long column of 
fluid above the agar column would increase the tlegrcc of anacroblosis in the 
top layers of the agar and that the level at winch growth oecurrctl would be 
altered. This was investigated by two experiments. In tlic first of thoc (sec 
Table 2), streptomycin was incor|>oraled in assay agar to a concenlmtion of 
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10//{r./Mil. This nf;ar was pipcilcd on «o Ilia lop of seeded assay agar in tubes 
in three groups in wliieh Ihe lenglh of the suj)crposed eolurnn of agar eon- 
laining slreplotnyein varied. 'J'hcre is no significant differonec in tlie deptli of 
Ihe zones of inhil)ilifin caused by Ihe three dilTerent coluinn lengths. A similar 
c.\pcrin)(rnt in which columns of fluid of differing lenglh were similarly added 
also f.ailcd to show significant dincrenccs in the dept hs of the zones of inhibition. 


'J'able 1 . Example of the method and assaif of strrplomiicin htj measuring the 
depth of the inhibition zone in cotumns of inncniated agar medinm 



Dc|itli of zone of inliiliition 

Average 

Average 


(mm.) 

y 

y'- 

Control •l/(g./nil. 

:i-7, a-7, .n-t, :j o, n-r,, n-n 

aci7 

la-io 

Control tf t/<(;./inl. 

7-1, 7-4, 7-1, 7-0, 7-2, 7-0 

7-iaa 

50-00 

Test lluid 

5-e,, .'J-a, 5-4, 5-4 

5-425 

20 -ta 

Lo^Iio of slrqitoinycin concon- 

1M22J 

1 


Inilion from Rniph 




Concentration of streptomycin 

fia-.a] 






Table 2. The effect of anaerobic conditions on the zone of inhibition. 
Each group contained six tubes 



Average length of agar 
column containing 

Average dci)th of zone 

Gronj) 

strei)tomycin (mm.) 

of inhibition (mm.) 

1 

42-5 

0-15 

o 

7-a 

c-ia 

:> 

2-0 

C-20 


Analysis of variance 


Degrees of 

Variance 


freedom Mean square ratio P 

Between groups 

2 0-00720 

1-22 >0-! 

Error 

15 0-00589 

— — 


In the second experiment assay agar was seeded with Staph, aureus and then 
divided into a series of portions to each of which was added streptomycin to 
make a series of twofold dilutions from 4 to 0-03 /<g./ml. From each, agar was 
pipetted into tubes to form column lengths of about 45 mm. These were 
incubated for 18 hr. at 37°. In the tubes containing O-OG //g. streptomycin/ml. 
or less there were numerous colonies throughout the column. In the tube 
containing 0T25 pg. streptomycin/ml. and in those with higher concentrations 
there were very scanty colonies. In all tubes the number of colonies was 
approximately even throughout the column. Thus the end-point at which the 
majority of the cocci failed to grow was not altered by the change from 
aerobic to anaerobic growth that occurred over the length of the agar column. 

Effect of the pH of the fluid to be assayed. Waksman, Bugie & Schatz (1944) 
and others have reported that the activity of streptomycin is diminished in 
acid solutions. It might thus be expected that the zones of inhibition would be 
diminished when acid fluids containing low concentrations of streptomycin are 
assayed. To investigate this, concentrations of streptomycin of 5 and 1 /;g./ml. 
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^vc^c made up in m/ 15 phosphate buffer at a range of pH values from 5*8 to 
10, and concentrations of 100 slrcptomycin/ml. were made up in jr/5 
phosphate buffer over the same range. The results are plotted in Fig. 1. It is 
clear that all fluids to be assayed should thus have a i>II value of 7'S or more. 
This is of importance in measuring streptomycin in urine, pus or sputum, any 
of which may be acid. 



Fi;;. 1. EfTcct of pll on the tone of inhibition. 


KJfcct of inoculum. An 18 hr. growth of Staph, aureus was added to batches 
of assay agar to make final dilutions of 1/4000, 1/2000, 1/1000, 1/500, 1/250, 
and from each batch tubes were set up. m/10 i>hosphntc bufTcr (pH 7*8) con- 
taining 4, 40 and 200 /ig. strcptomycin/ml. was added above the agar columns. 
The liming of the setting up of the different batches was kept us similar ns 
possible. The results arc shown in Fig. 2. It will be seen tlmt the smaller the 
inoculum, the steeper is the slope of the line relating length of rjouc of ijdiihition 
to logjo concentration of streptomycin. Thus, to increase the sensitivity of the 
method, the inoculum should be as small ns is consistent with accurate 
determination of the edge of tlie zone of growth. 

Standard curves jircparcd from different tubes of scedwl agar even under 
apparently identical conditions were found to differ from each otlicr l)oth in 
height and slope, sometimes very markedly. Probably a considerable part of 
tins variation was due to small altcmtions in tlic size of tlic inoculum though 
there might abo have been other factors. The lul>cs for controls and unknowns- 
to l>c tested against tlicm were nhva>*s set up from the viinc lul>c of .agar, 
lircach of this rule iittroduced very large errors. 

Errors in /irniag. When n row' of tul>es was fdletl there was a difTcrem'c 
between the tubes inasmuch as the first tube was filletl n few minutes before 
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I he last . This introduced u further jmssible source of error. If tlic processes of 
lilliiiff will) agar and jiddi7)g llic fluid to he assayed were carried out ns rjipidly 
as jiossihlc the eirors involved were very small and could be ignored in routine 
examinations. Filling with agar was tompletcd in 2-3 min. or less, and adding 
the fluid to be assayed in 10 min. or less. For more accurate work the effect 



Streptomycin concentration (^g./ml.) 

(Logarithmic scale) 

Fig. 2. Effect of inoculum on the zone of inhibition. Final dilutions of 
an 18 hr. broth culture from 1:250 to 1:4000. 

of the timing errors could not be ignored. It was investigated in conjunetion 
with the construction of curves relating zone of inhibition to concentration of 
streptomycin in the fluid to be assayed. 

In considering the timing errors there were two possible sources of uncon- 
trolled variation. One of these was in the adding of the agar to the tubes and 
the other was in the adding of the fluid above the agar. Restraints could be 
applied to these two variables and, at the same time, the relation between 
zone of inhibition and streptomycin concentration could be investigated by the 
use of a Latin square experiment. A tj'pical example is given in Table 3. Agar 
was added to the tubes in row 1 first, then row 2, etc. The fluids were added 
above the agar in column 1 first, then in column 2, etc. The total time taken 
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to add the agar was 5 min. and to add the fluid 12*5 min. There were two tubes 
in each ‘plot’. In this ease streptomycin was made up in m/15 phosphate 
buffer (pH 7-8) -in concentrations of 256, 64, 16, 4 and 1 /^g./ml. The con- 
centration used is indicated in the comer of cacli plot. 

Table 3. Latin square espefiment; the effect of timing errors and different 
concentrations of streptomycin on the depth (mm.) of the zone of inhibition 

Columns 



1 


n 

4 

5 


G4 

4 

250 

10 

1 

1 

0-7 

3-7 

7*5 

5-4 

0-7 


C-7 

3*7 

7*8 

0.0 

00 


2SU 

31 

16 

1 

4 

o 

7-9 

0-8 

5-1 

1-5 

32 


7-0 

00 

0.3 

M 

0-5 


4 

250 

1 

31 

IG 

3 

3-0 

70 

10 

C‘5 

5-1 


30 

80 

11 

0-8 

5-1 


1 

10 

04 

4 

250 

4 

07 

5*3 

0-7 

3-8 

7-0 


0-9 

5-2 

0-8 

3-7 

7*7 


10 

1 

4 

250 

31 

5 

5-3 

00 

30 

7*3 

0-0 


0.4 

0-8 

30 

7*7 

0 0 


Concentration of streptomycin {/igjntl.) in toj> left comers. 


Table 4. Effect of timing errors in six Latin square experiments 


Latin 

Range of 
streptomycin 

Approximate time (min.) 
taken in 

Probability 

of occurrence by clmnce 
Vnriatiility due to 

concentrations 





square 

(/ig./ml.) 

Adding agar Adding fluid 

Adding ngnr 

Adding fluid 

0x0 

2-512 

0 

18 

0 05-0-01 

0-2-005 

5x5 

1-256 

5 

12-5 

>02 

0 01-0 09 

4x4 

•1-5 

4 

8 

0*05-0 01 

>02 

GxO 

:i-5 

0 

18 

>02 

0 2-0 05 

0x0 

3-5 

G 

18 

0-01-0 001 

0 05-0 01 

12x12 

0-8-100 

15 

40 

<0 001 

<0001 


From the nnnlysis of variance (see below), it was concluded that the timing 
error, due to the adding of the agar, was of no significance (7*«=0*2), whereas 

thntductothendditionofthcnimlnbovclhcngJirwassignific.ant(/’«=*00j-601). 

An analysis w.as made of two simdnr experiments, one with slrcptonwciu in 
m/15 buffer (pll 7*S) and the other with slrcptomvcin in senim. Three similar 
lay-outs were used for two point assays, one a 4x4 I^alin square, the other 
two being 6x6 squares. A sixth experiment using a 12x 12 I.rfitin square was 
more complicated and involved longer times in setting up. The probnbihlics 
that the timing errors would occur by chance arc given in Table 4. It thus 
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becomes nppnrcnf. Mm(. I,olIj timing errors, though small, were usually 
sigmtioaut. 'i’hc relation between the depth of tiie zone of inhibition and the 
St roi)toni vein eoneenf ration in tlie fluid to be assayed was also investigated 
in the experiment, given in 'J’id)le a. It is discussed theoretically in the appendix 
together with a statistical anah'sis of the cxj)crinicntal results. 



Streptomycin concentration (pg./ml.) ((ogarlthmlc scale) 

Fi;!. ti. Curves relating the zone of inhihition to the streptomycin concentration in the 
ji.s.say Iluid. Comjmri.son hettvecn M/15-phosp)ialc biirfer pIl7-8, lummn serum and 
horse scrum. 

The ivjlucncc of the fluid containing streptomycin. The necessity of using 
human scrum for the controls when estimating scrum streptomycin was 
investigated by making up four concentrations of streptomycin in pooled 
human serum, in horse scrum and in m/15 pliosphatc buffer (pH 7-8) and 
comparing them in a 12x12 Latin square, using the rows and columns to 
restrain the two timing errors. The biifTcr solution gave a curve (Fig. 3) closer 
to the one deri^'ed fro/n tljc lioi-sc scrum. Even so there was a highly significant 
dificrcnce between the slope and the lieight of the curves for liuman serum and 
buffer, (Between means / = 4“1-S; between regressions / = 9-39. For both 
P<0-001.) 

To determine whether all human sera containing the same concentrations 
of streptomycin give the same zones of inhibition streptomycin was added to 
twenty different sera to make a final concentration of 10 pg./ml. Each serum 
was added to six tubes. The tubes were arranged in two sets of fifteen balanced 
incomplete blocks in which both timing errors were incorporated in the inter- 
block differences. The average zones of inhibition produced after adjustment 
to remove the interblock differences are shown in Table 5. As will be seen from 
the analysis of variance the differences between the zones produced by different 
sera were small but real. They should be taken into account in estimating the 
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error of the methods when the control scrum is dilTcrcnt from the test scrum. 
The mean square for ‘between sera’ was approximately tlireo times the error 
mean square. The error of x^, the unknown! serum derived from eqiiation 
(15) in the appendix, should llierefore be multiplied by ^tS or 1-73. An 
analysis on similar lines for urines indicated an almost identical amount of 
variation. 


Table 5. Zones of inhibition with twenty different sera 



Series 1 


Series 2 


Serum 

Zone depth 
(mm.) 

Serum 

Zone depth 
(mm.) 

1 

5-47 

11 

512 


2 

3-50 

12 

500 


3 

5-53 

13 

5-00 


4 

5’02 

14 

407 


S 

5’59 

. 15 

301 


0 

5-23 

10 

B-OZ 


7 

5-48 

17 

4S0 


8 

5’51 

18 

5-09 


0 

3-31 

19 

4-00 


10 

5*53 

20 

4-OC 


s.E. of each mean iO 039 

AnalysU of variance 
Degrcea of Mean 

freedom square 

±0 012 

Variance 

ratio 

P 

Series 1 : 

Between blocks 

14 

0 03S52 

2’23 

0 03-0 01 

Between sera 

0 

0 03331 

3-03 

0 03-0 01 

Error 

30 

00173 


— 

Scries 2 : 

Between blocks 

14 

001780 

2010 

0 02 

Between sera 

0 

0 0270G 

3101 

001 

Error 

30 

ooosst 

— 

— 


Notes on an accurate assay procedure 

Tlic lluid containing tlic unknown concentration of strcjitomycin was 
assayed approximately so that its %*nluc was known within ±25% of the true 
figtirc. The standard was made up in a concentration of -I pg. streptomycinpnl. 
The unknown was adjusted to as near 4 pg./inl. as i>ossib!c, and three p.arts (d 
both the standard ami unknown solution svcrc diluted each with one part of the 
diluting fluid. These four solutions were then eennparcd in a 4x4 Latin 
square, in which the two timing errors svere incoqmmtcd in the rows atul 
columns. Each plot in the square contained two tubes .so that eight tulx-s w ere 
used for each solution. Each reading sv.as squared and the averages of these 
figures svere taken. Ia;t the zones protUiced by the atanilard solutions Ik- 
and !/,. and the zones produeed by the unknown ;t„ anil y... Let d Ive the 
difference between the log,, coneentmtions of the two slamlard and unknown 
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solutions, i.c. 0'12'tn'i', and IcL M be the diircrcncc between the Iog,g concen 
{rations of standard and unknown. Then (Finney, 1D44-), 

\ (?/22~.V2i+.V]s-,Vn). T =?. {Uzi-yzi-yxi+yn), 

»s = i (ytz'f^ysi yis~yii)t —-Sdjji, 

Standard error of il/ = +~ ^ 

~ a/ n 

7' is a test of parallelism and its standard error is sjpi; n = the number of tubes 
used for each concentration, i.c. 8; .s- = lhc error term derived from the analysis 
of variance of the squared hgurcs. Since the range of the response is small this 
is a reasonable approximation. 


Table 0. Jlcsults of four accuralc assays 



Estimated slrcplomycin 

'I’nic streptomycin 

AcUmI 

Estimated error 


concentration 

concentration 

error 

2 X s.i:. of mean 

Assay 

(/(R./nil.) 

(pR./ml.) 

{%) 

(%) 

1 

3-M5 

3-tOO 

-0-0 

+ 5 

o 

4-2dt 

4231 

-fO-8 

±5. 

a 

a'r-14 

3-730 

■f 0-4 


4 

4-121 

4-100 

+ 0:i 

±4 


Four assays on these lines using known quantities of streptom 3 'cin dissolved 
in .ai/ 15 pliosphate buffer (pH 7-8) were done. Sixteen tubes for eaeh solution 
were used instead of eight. The results arc given in Table G together with the 
estimated and actual errors. In each ease the unknown and standard lines 
were parallel within the limits of experimental error. The estimated error was 
between +4 and 5 %, and the actual error was well within these limits. lilore 
complex arrangements for performing a number of assays simultaneouslj’^ are 
clearly possible and would slightly increase the accuracj’’ of the procedirre. 


DISCUSSION 

Conventional pour-plate methods involve using numerous controls. Large 
volumes of agar must bo melted and distributed acouratel}' into uniform plates. 
All the fluids to be assaj^ed must be accurately measured at each application. 
All procedures need careful timing. The results must be read to at least the 
nearest 0-25 mm., which is difficult on a plate and maj' entail a subjective 
error. All these features require such an expenditure of time and material as 
to make them unsuitable as a routine procedure. By the use of tubes, which 
are easily set up, require a small volume of agar and can be read with no 
subjective error, it is hoped that these difficulties have been overcome. 
Further, the volume of fluid required for an assay has been considerably 
decreased. Such a procedure provides a reasonably accurate, reliable and 
practicable routine method of assaying streptomycin and has been used over 
a period of a year for many hundreds of estimations on various fluids. 

We have found it difficult to make anj’’ comparison of the accuracy of this 
method with other agar diffusion methods (Loo, McGuire, Savage, Skell, 
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Thomberry, Erlich & Sylvester, 1945; Komegay, Forgoes & Henley, 1949; 
Challinor & King, 1947), since in these insufilcient data are given. However, 
in the method described by Brownlee, Delves, Dorman, Green,- Grenfell, 
Jolinson & Smith (1948), where a Bacillus suiiilts spore suspension is used, the 
fiducial limits {P == 0 05) calculated for an assay performed under very’ similar 
conditions to those described for om* accurate assay procedure are + 4 % . 
Clearly the two methods arc very similar in their accuracy. We would, however, 
claim that ours is a far simpler procedure, is more flexible and requires less 
apparatus. 

The streptomycin used in these experiments was the hydrochloride, Lot 
No. 594, manufactured by Merck and Co., Rahway, New Jersey, U.S.A., and 
was supplied by the Streptomycin in Tuberculosis Trials Committee of the 
Medical Research Council. References to the weight of streptomycin used 
indicate the Aveight of the base. 


APPENDIX 


The relation behceen depth of zone of inkilition and 
streplomtfcin concentration 

Results from the experiment detailed in Table 3 were used to investigate the 
relation between the depth of the zone of inhibition and the streptomycin 
content of the fluid being assayed. The average of the readings was taken for 
each streptomycin concentration. At the same time each of the readings was 
squared and the average of these taken for each streptomycin concentration. 
The averages for both the squared and the unsquared values have been plotted 
against logjo streptomycin concentration in Fig. 4. Before analysing these 
results in detail certain theoretical aspects may be considered. 

Most processes of linear diffusion can be described by Pick’s well-known 


difTercntial equations: 


02’ dJ:-’ 


( 1 ) 


where particles in a concentration of c dirfusc over a distance x in time IT. 

In considering the diffusion of streptomycin under the experimental con- 
ditions describctl it is found tliat there is a series of different solutions of this 
equation according to the boundary conditions chosen. Some of these Ix>undnry 
conditions arc known while others arc doubtful. The conditions assumctl ar<' 
ns follows : 

(1) That a process of diffusion occurs in the test fluid as well as hr the agar 
column. Tliis is likely, since the diameter of the tube is small and the tulic is 
incubated at a constant temperature. 

(2) That the two columns can each be considcrctl ns of infinite length. 
Experimentally it has been shown that the length of the column of the test 
fluid (as long ns it is greater than about 1 mm.) docs not affect the drplli of the 
zone of inhibition. In similar experiments the length of the agar column has 
also been shown to be immaterial. 



2 ). Mitchifion and C. C. Spicer 

(n) Tlmf. llie rale of dimision is llic same in the test fluid as if. is in the agar 
column. 'J'his is not, in fact, true, but the rates arc j)robably very similar since 
the agar is only a 1 % gel. 

(1) That Ihere is no dill'usion i)otcntial due to the charge of the streptomycin 
ion. Lenher «S:. Smith (lO.JG) have shown that no potential gradient arises when 



j. 4 . Curves rclnling tlic zone of inhibition to tlic strcj)tomycin concentration in the 
assay fluid. A, strcptonij'cin made up in m/I 5 phosphate buffer pH 7-8. Squared data. 
B, streptoniyein made iij) in jiooled human scrum. Squared data. C, streptomycin 
made up in m/I 5 phosi)hatc buffer pH 7-8. Results of Latin square experiment detailed 
in Table 3. Squared datji. D, the same results as in C but the data arc not squared. 
E, calculated curve from equation (2) substituting C = 0-3o and 2.^/(Z?r)=4-15. 


charged dyes diffuse into ■water in tlie presence of a few equi'\"a]ents of sodium 
chloride. We can therefore assume that tlic strcjitomycin ion behaves like an 
uncharged molecule. 

(5) That the composition of the seeded agar is the same throughout its 
depth. The concentration at which streptomycin inhibits the growth of the test 
organism is, in part, determined by the composition of the medium in which 
growth occurs (May, Voureka & Fleming, 1947). Constituents of serum or 
other body fluid, of which the streptomycin content is being determined, will 
diffuse into the agar column and establish a gradient. The composition of the 
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column must therefore vary tliroughout its length. However, if sermn and 
bufTcr solution at pH 7*8 arc used as test fluids, tlic curves relating tiic con- 
centration of streptomycin that they contain to the depth of the zone of 
inhibition differ in height and slope but still have the same shape (Fig. 4). ^Yc 
have no means of estimating the cITect of an osmotic gradient between the test 
fluid and tlie agar. 

On the basis of tliesc assumptions the relation between dejitli of zone of 
inhibition t/, and concentration of streptomycin in the test fluid Cq, can be 
expressed (Mellor, 1912) by 


where 


2 fv 

T e-v\Ix, 


(•i) 


C — concentration of streptomycin necessary to inhibit tlic test organism, 
Tssthe time between adding the test fluid and the formation of the zone, 
/) = the diffusion coefficient of streptomycin defined in (1). Cooper & Woodman 
(1940), in discussing the diffusion of antiseptics through agar gels, have used 
the expression C=C<,e-»-«f. (3) 

This expression assumes that the concentration of the antiseptic in the test 
fluid remains constant. 

Vcsterdal (1947), in considering radial diffusion of penicillin, used the 
expression 




( 1 ) 


( 5 ) 


^(nDiy 

where A is the cross-sectioned area of the Oxford cylinder. This expression 
assumes that the total quantity of the penicillin is initially deposited in an 
infinitely thin layer on the surface of the agar. 

The fundamental resemblance between equation (2) and equations (3) and (4) 
can be brought out using the well-known series for ‘h (0) (Levy ^ Roth, 1930) 

'■>(<’) -1 203 + ( 2 ( y -.): + ••■)• 

If 0 is fairly large so that we may neglect terms of order f?"-, then 

so that, from (2), putting 0 = — 

log Co = log(2C,%) + loK ( 

when 1 / is large log becomes negligible in comparison with “^d 

an approximately linc.ar relation exists bct%s*ccn log Cq and t/-. 

When If is small this resemblance breaks down; for ^^c have (Ixivy Uotli, 


0 

, we have, on rearranging. 


1930) 


2 / 
in 
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whence, ignoring Icrins in y-, using (2) nnd rearranging, 

logC„=log(=C)+^j, 

SO that, log Co is linearly related to y, not to if. It is doul)tftd whether any of 
the proposed formulae Jiold for small values of y, and from the preceding 
discussion it seems dangerous to deduce values for D from the constants of 
fitted lines. 

Since it is not jiossiblc to define the boundary conditions with certainty it 
is dearly unwise to say that these relationships hold accurately. We hope to 
show from experimental results that 

(1) there is a close apiiroximation to a linear relationship between y- and 

(2) there is, however, a definite deviation from linearity at low concentra- 
tions of streptomycin. 

These conclusions would indicate that equation (2) is a better solution than 
(y) or (‘t), since both of the latter equations stipulate a strictly linear relation 
between if and log Cg. It would be difficult to fit experimental values to 
cquafion (2), but, bj' substituting values of 0-35 for C and 4T5 for 2d(DT), 
a curve can be drawn in the same range as two experimental curves (Fig. 4), 
and it is clear that it has a similar shape. We will now tr}’’ to show that the 
results of the Latin square experiment of Table 3 yield these results. 

The use of the squared data complicates the analysis somewhat, since the 
variance of the squared values is related closely to their mean at any given dose 
level, which invalidates the usual tests of significance. Under these circum- 
stances a system of weighting must be used for deriving the error of the 
estimates. If one was using the unsquared data, the analysis of variance is as 
in Table 7. From this it is evident that the unsquared data depart significantly 
from linearity. The test for linearity using the squared figures has to be 
approached in a somewhat different manner, since the mean responses at each 
concentration level are of unequal accuracy and a weighted regression must be 
fitted. The method of doing this follows closely that worked out for probit 
analysis, of which several good accounts have been published (Finney, 1947a, 
b). If in the terminology of probit analysis we write ‘response’ for ‘probit’, 
then the following relationships hold : 

(1) F = response (squared reading from provisional line), 

(2) F,x = F-2F (minimum working resjjonse), 

(3) R =2dY (range), 

( 4 ) It = unsquared observed mean response, 

(5) Yw=Y — 2Y + 2udY (working response) = F — 2^/F (^F—tt), 

(6) TF=^F (weight). 

The procedure is then to draw a line by eye to fit the squared responses (mean 
of the squared readings). From this the provisional values, F, are taken and 
the working responses caleulated. A weighted regression of F,„ on is then 
fitted in the usual manner using weights nw, where n is the number of tubes 
at each concentration level. If necessary a second approximation can be 
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carried out calculating the values from the Y' of the first line. The pro- 
cedure is set out in Table 8. 

The test of linearity now consists of comparing the sum of squares of the 
deviations of the observed point from the fitted line multiplied by n (the 
number of tubes at each concentration) with the error term of the analysis of 
variance. The line fitted to the squared data is based on the upper four con- 

Table 7. Analysis of variance of Laiin square experiment (Table 8) 
I>egrcc<5 


Between concentrations: 
Linear regression ; 

Sum of 
square 

of 

freedom 

Mean 

square 

F 

t 

P 

280-2276 

1 

280-2270 




Quadratic regression 

83511 

1 

8-5511 

— 

15-8 

<0 001 

Deviations from regressions 

0-5200 

2 

0 2&10 

T-74 

— 

0 01-0 001 

Ito^vs 

0-2000 

4 

0-0575 

1 CS 



0-2 

Columns 

o-tato 

4 

O-llCO 

3-39 



0 2-0 05 

Interactions 

0 0800 

12 

00502 

1-0-1 



0-2-0 03 

Error 

0-8550 

25 

0 0012 

— 

_ 

— 

For the four liiglicr concentrations ; 
Linear regression 00 0272 

1 

00-3272 




Quadratic regression 

0-2071 

1 

0-2GT1 


2-73 

0 02-0 01 

Deviations from regressions 

O-OOOS 

1 

oooos 

— 

— 

— 


Table 8. Analysis of squared data from Latin square experiment (Table 3) 


1 

2 0 4 

5 

IV 

ir 

IflV 

X 

u y ir=4r 

2V(1-M) 

(3-5) 

— 

— 

1 

3-C3 14-5 0 01721 

+ 1-072 

13-128 

0-01724 

0 220M 

2 

5-31 '29-3 0 00850 

+ 1-082 

28-418 

0 01700 

0-21070 

3 

0-71 4-1-0 000301 

«OOOG 

44-900 

0 01092 

0 25074 

4 

7-79 50 0 0 00421 

-1-090 

CO 090 

001C95 

0-25714 


Totals 0-00503 



0 00817 

0 07797 


" = 10 03505 X 

S (nil ) 

= 1-0125 y= 

27-4.11 




anr (z-ipaocooss 

& = 

15 8599 




5ir;r(i/-y) = 0-02720 







= 

27^131 + 15 

8599 (x- 

1-0125) 


nS (H-.^/V)*e0 053, 

»»=0-0312, 

F=l-55, 

P= >02 



Variance of estimaletl ^-alue ol z=0 

Variance of dirfercncc 

= 0 0780, I = 104, <0 001. 

centrations (iloG, Gt, 1C and 4 //g./ml.), since it is impossible to include the 
point at 1 /«g./ml. in any reasonable provisional line without making the 
response negative. From Table 0 it will be seen that the obscr\'cd value departs 
significantly from the line fitted to the remaining four points. It is therefore 
assumed tliat the relation between response and dose is not linear over the 
whole range. The proper comparison of the linearity of the squared and 
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the variances of and y^ being found as before from (7). Wlicn = 

to find the concentration of the unknown solution, .t,, we Imve 

f ^ H /in\ 


where x is the weiglitcd mean of the log concentrations of the standard 
preparation. 

In the general case wlierc the numbers of tubes at the two dose levels are 
unequal, /q and say, we have 


so when ni = iu 


‘■ttJtk- 


As an example of this process wc raaj' take the experimental results from 
Table 1 : 

X n Mena of squared rcactings 


Control at 4/tg./cnK 
Control nt C-t/ig./ml. 
Unkno\m 


iy-008S\ 5’ = 0-0e22 


iy-oo8s\ & 
50i)on;5j 1 


10 degrccH of frcrilom 


50.9 Q33- J3.00 8 8^ 

1«80018-0-C020C 

. 1-80018 0-G0200 /II 

‘ ” 50-9033 18 0983/ 50-9033 18‘00 


* "1 1 

50-0033 '*'13-0988 
= 20-8158, 

so that, from (13), wc estimate 

29-4425-20-8158 „ . 

sTsooT 


Wc have now to find the variance of j-,. Tins consists of two parts, one hut 
not the other involving the standani error of b, thus 

Var (1.'!) 

where o-j is tlic vnrinnee otb, given in equation (12), nnd is tlie vnrinnee of the 
(lilTcrcncc between y, nnd ij, which is the sum of tlic vnrianecs of y, nnd jj. 
given by equations (11) and (llu); so Hint since n, = n, 

0 0222 X 2 X 20-8138 

\ nr (y) = 


CMllIS 
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The Effect of Artificial Fertilizers and Dung on the 
Numbers of Amoebae in Rothamsted Soils 

Hy n. N. SINGH 

Dcpdrimnil of Soil Ulicrobinhp/, ItolUmnslcd Experimental Slation, 

llarpendcn, Herts' 

SUMMARY : 'I'lic loUil mniibcrs (nclivc + cystic) and the numbers of active amoebae 
in plots treated wilb comi)letc minerals + ammonium sulpbatc and nitb farmyard 
manure nere mucb bigber tban in the jintrcalcd plots. Tlic complete minerals plot 
of Rarnfield bad a just significantly lower total count of amoebae tban tbe farmyard 
manured plot, altbougb no Hignificant difference existed between tbe counts of active 
amoebae. Tbe difference in tbe numbers of both tbe total and tbe active amoebae 
between the complete minerals and fannyard manure-treated plots on Broadbalk was 
not significant. No correlation was found between the percentage of organic carbon 
in tbe soils and the number of amoebae. 

The occurrence of amoebae and flagellates in large numbers in a normal soil, 
both in the active and cj’stic condition, is well known from the work of Cutler, 
Crump & Sandon (1022) and others. Crump (1920) found that in one of the 
Rothamsted fields (Rroadbalk) there were more Protozoa, especially amoebae, 
in the plot manured with farmyard manure than in the untreated one. It is 
generally believed that the presence of plenty of organic matter in soil will 
favour an c.\tcnsivc development of bacteria and fungi, which in their turn 
will be accompanied by an abundant development of Protozoa and other 
predators. To test the validity of this belief about amoebae, counts of these 
organisms were made on nine occasions from three of the plots from Barnfield 
and on six occasions from similarly treated plots of Broadbalk, Rothamsted. 
This work was started by I\Ir A. V. Garcia who made the first three counts 
given in Table 2. 

Methods 

Twelve 4 in, borings were taken at intervals of about 2 yd. in a line across 
the plot and thoroughly mixed together to form a sample. The samples from 
the three plots were brought to the laboratory at the same time and passed 
through a 3 mm. sieve. The numbers of amoebae were estimated by the 
dilution technique of Singh (1946), eight replicate subsamples being tested 
from each dilution. Only cultures in which amoebae could be seen by micro- 
scopic examination were considered positive. 

Statistical analysis of the data 

The analysis of the data in this paper is based on the theory developed by 
Fisher (cf. Introduction to Fisher & Yates (1947) and Appendix to Singh (1946)). 
The theoretical standard error of each count of negative cultures is approxi- 
mately and the distribution of the number of cultures may be taken as 
normal. Hence, ignoring the error due to soil sampling (see below), the 5 % 
significance level difference between two individual counts is eight cultures, 
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corresponding to approximately 100% difference in population estimates. 
Since there was a different soil humidity on the different plots a correction was 
made for this. The estimates of popiilation/g. were adjusted to a dry-weight 
basis before analysis. The first Barnficld obscrs'ation contained no measurement 
of soil moisture and so was rejected. 

Count of amoebae from duplicate samples 

Recently it has been claimed by a few workers (see Ilarmscn, 1940; and 
references in James & Sutherland, 1942) tliat the method of soil sampling and 
the dilution technique used at Rotliamstcd and elsewhere for the plate count 
of bacteria in soil do not give reproducible results when several samples of 
a soil or different portions of a single soil sample are compared. This h.as led 
some to believe that the fluctuations in the numbers of bacteria in soil at short 
inter\’als reported from Rothamsted arc due to faulty technique and do not 
really occur in soils in their natural stale. It is not intended to discuss the 
matter here, but it may be pointed out that a few of the classical fieltls of 
Rothamsted which have been investigated have given reproducible results in 
the count of Protozoa and bacteria when several soil samples or fractions of 
a single sample have been compared by the tcchnicpics used at Rothamsted. 
This may be due to an unusual homogeneity of the soils from llic Rothamsted 
classical ftclds as a result of similar cultivation and treatments carried out over 
a very long period. It would be of great interest to compare a variety of 
different soils to find out whctlier the elaborate methods of sampling anil 
dilution technique suggested by a few u'orkers arc necessary in quantitative 
studies on soil micro-organisms. It is hoped to follow up this line of 
investigation. 

To test the accuracy of sampling in the count of amoebae by the dilution 
tcchniipic several counts of the total amoebae in duplicate samples were made 
from different plots of Barnficld and Brondlmlk (Table 1). Two s,implcs, A and 
B, were taken at the same time on eight different dales and the number of 
amoebae delermincd. Tiic differences between <hq)Jicatc sanijdcs were not 
significant in any of the comparisons(cf. Singh (1910) for the standard error of 
such counts). Tlic X' o*' these differences reveals no more variation than 
may be expected from the dilution inclhotl. 

Comparison of the numbers of amoebae in three different plots on 
liarnfeld and on Broadbalk^ Jtothamsted 

The three plots selected from Barnficld (pcnnnncnt mangolds) were; plot 
8 0, untreated; plot 1*0, receiving 14 tons of dung/acrc/ycar; plot l.A, receiving 
a dressingofcomplctc minerals (.'ll ewt.ofsupcqdiosphalc, 500 lb. ofpot.ivsimn 
sulpliatc, 200 lb. of sotlium chloride and 200 lb. of magnesium sulphate) and 
412 lb. of ammonium sulplmtc/ncrc/ycar. These plots have been treated in the 
same way since 187C. Three .similar plots vcrc selected from Broailhalk 

(pcnnnncnt wheal): plot 3, untrcatC<l;plol 2, receiving 14 lonsofdung/acre/ycar; 

plot 7, receiving complete minerals (3 J mvl.ofsupcrjiIiospltatc.U c« Ljwotassium 
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The Effect of Artificial Fertilizers and Dung on the 
Numbers of Amoebae in Rothamsted Soils 

By B. N. SINGH 

Dcpdriiiiail of Soil Micrnbiolndu, Rnfhamstrd Expcrimadal Slnlion, 

Ilnrprndcn, Ilc.rln 


SIJMMABY: 'I'lu; lolnl mimbors (net ivc + cystic) uiid the numbers of nctive amoebae 
in plots treated with complete mincrnls + nmmoniiirn sidpbatc and witli farmyard 
manure were mueb liipbcr tban in the untreated i)lots. The complete minerals plot 
of Barnfield bad a just sif,mineantly lower total count of amoebae tban the farmyard 
manured plot, altbouf'b no siRiiifleant difference existed between the counts of active 
amoebae. 'I'bc difference in the numbers of both the total and the active amoebae 
between the complete inincrals and fannyurd manure-treated plots on Broadbalk was 
not significant.. No correlation was found between the percentage of organic carbon 
in the soils and f lic number of amoebae. 

The occurrence of ninocbac and nagcllutcs in large numbers in a normal soil, 
both in the active and cystic condition, is well known from the work of Cutler, 
Crump & Sandon (1022) and others. Crump (1020) found that in one of the 
Rothamsted fields (Broadbalk) there were more Protozoa, especially amoebae, 
in the plot manured with farmyard manure than in the untreated one. It is 
generally believed that the presence of plenty of organic matter in soil will 
favour an extensive development of bacteria and fungi, which in their turn 
will be accompanied by an abundant development of Protozoa and other 
predators. To test the validity of this belief about amoebae, counts of these 
organisms were made on nine occasions from three of the plots from Barnfield 
and on six occasions from similarly treated plots of Broadbalk, Rothamsted. 
This work Avas started by Dir A. V. Garcia Avho made the first three counts 
ghmn in Table 2. 

Methods 

Twelve 4 in. borings were taken at intervals of about 2 yd. in a line across 
the plot and thoroughly mixed together to form a sample. The samples from 
the three plots were brought to the laboratory at the same time and passed 
through a 8 mm. sieve. The numbers of amoebae were estimated by the 
dilution technique of Singh (1940), eight replicate subsamples being tested 
from each dilution. Only cultures in Avhich amoebae could be seen bj"^ micro- 
scoijic examination were considered positive. 

Statistical analysis of the data 

The analysis of the data in this paper is based on the theory developed by 
Fisher (cf. Introduction to Fisher & Yates (1947) and Appendix to Singh (1946)). 
The theoretical standard error of each count of negative cultures is approxi- 
mately ^8, and the distribution of the number of cultures may be taken as 
normal. Hence, ignoring the error due to soil sampling (see beloAv), the 5 % 
significance level difference between two individual counts is eight cultures. 
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corresponding to approximately 100% diflcrencc in population estimates. 
Since there was a dificrent soil humiditj'on the difTcrent j)!ots a correction was 
made for this. The estimates of population/g. were adjusted to a clrj**wcight 
basis before analysis. Tlie first Barnfield obscr\*atio!i contained no measurement 
of soil moisture and so was rejected. 

Count of amoebae from duplicate samjdes 

Rccentlj’^ it has been claimed by a few workers (sec Ilarmscn, 1010; and 
references in James & Sutherland, 1942) that the method of soil siimpling and 
the dilution technique used at Rotliamstcd and elsewhere for the plate count 
of bacteria in soil do not give reproducible results wlicn several samples of 
a soil or different portions of a single soil sample are compared. This has led 
some to believe that the fluctuations in the numbers of bacteria in soil at short 
intcr\’als reported from Rothamsted are due to faulty technique and do not 
really occur in soils in their natural state. It is not intended to discuss tlic 
matter here, but it may be pointed out lliat a few of the classical fields of 
Rothamsted which have been investigated have given reproducible results in 
the count of Protozoa and bacteria when several soil samples or fractions of 
a single sample have been compared by the techniques used at Rotliamstcd. 
This may be due to an unusual homogeneity of the soils from the Rothamsted 
classical fields as a result of similar cultivation and treatment-s carried out over 
a very long period. It would be of great interest to compare a variety of 
difl’erent soils to find out whether the elaborate methods of samjiling and 
dilution technique suggested by a few workers arc neccss.ary in quantitative 
studies on soil micro*organisms. It Is hoped to follow up this line of 
investigation. 

To test the acctirncy of sampling in the count of amoebae by the dilution 
technique several counts of the total amoebae in duplicate samples were made 
from dilTercnt.plots of Barnfield and Brondbalk (Tabic 1 ). Two samples, A and 
B, were taken at the same time on eight different dates and the number of 
amoebae determined. The difTcrenccs between thiplicate samples were not 
significant in any of the comparisons (cf. Singh (1940) for llic standard error of 
such counts). The X" these dificrcnccs reveals no more variation tlinn 

may be expected from the dilution incthoi!. 

Comparison of the nurnhers of oftwebac in three different ])lots on 
Barnfield and on Broadbalh\ Bothamsted 

The three plots selected from Barnfield (permanent mangolds) were: plot 
8-0, untreated; plot 1-0, receiving 14 tons of dung/acre/ycar; plot 4 A. receiving 
a dressing of complete minerals (3 ^ cwt. of snpcqihobpliatc, 500 Ib, of iHitassiiim 
sulphate, 200 lb. of sodium chloride and 200 lb. of magnesium sulphate) and 
412 lb. of ammonium sulpliatc/acre/ycar. These plots have been trc.atcd m the 
same way since 1870. Three simitar plots were seleclctl from Ilnvidhalk 

(permanent wheat) :j)!ot 3, unlrcatod;p?ot2,rcccivingl4 tons of year; 

plot 7, receiving complete minerals (3| cwl.ofs«pcrj>hosphnle.2 c%^t,|Kil.avsium 
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sulplmle, I cwt. sodium sulpliulo and 1 cwl. ningncsiurn sulphate), and 4 cwt, 
of ammonium sulplialc/acrc/ycnr. Plot ii lias been unmanured since 1889. 
^VIlcat has been />ro\vn continuously in each of the three plots since 1852, and 
the fertilizer trcaljnenls have been the same each year. 

Table 1. The lotal counts of omoclxic {active + cystic) found when two samples 
were taken at the. same time from Jiarnjield or liroadhalk phis 

F.Y.M.^fiirmynrd'iDuniircd jilot; C.M,t= complete mincmls + ninnioniiim sulplmtc plot; 
U, = iintrc!Ued jilot; A "difference in number of ncpatix'c enllnrcs between sninple*! A andB. 

Totnl eomil of nmoebne/fj. «’et soil 


. 


■ '■■■ 



1 

No. of 




Barnllcld 

Bro,'i(li).'tlk 

Broadbalk Broadijalk 

negative 


Date 

Samples (F.Y.M.) 

(F.Y.M.) 

(C.M.) 

(U.) 

cultures 

A 

•1 .Anmist 101 a 

A 

20,700 

— 

— 

— 

45 

5 


B 

17,300 

— 

— 

— 

50 


0 August Iflb'J 

A 

• 11 , -too 

— 

— 

— 

40 

3 


B 

31,800 

— 

— 

— 

43 


20 .Inmmry 1018 

A 

— 

20,700 

— 

— 

45 

3 


B 

— 

31,700 

— 

— 

42 


10 Fcbninry 1018 

A 

— 

— 

77,100 

— 

33 

C 

B 

— 

— 

•1.7,200 

— 

39 


2 March 1018 

A 

— 

— 

— 

18,800 

49 

4 


B 


— 

— 

13,300 

53 


2 April 1018 

A 

— 

81,200 

— 

— 

32 

3 

B 

— 

01,500 

— 

— 

35 


27 April 1918 

A 

— 

— 

20,700 

— 

45 

4 


B 

— 

— 

37,000 

— 

41 


23 June 1918 

A 

— 

— 

— 

11,000 

55 

0 


B 

— 

— 

— 

11,100 

55 



Table 2 shows the results obtained from Barnficld plots. The total and the 
active counts of amoebae are very much lower in the untreated plot than in 
either the farmyard manured or the complete minerals + ammonium sulphate 
plots. Total counts (active + cystic amoebae) in the latter plots did not differ 
significantly from those in the farmyard-manured plot on any occasion. When 
the eight counts arc taken together the farmyard-manured plot has about 
30% higher count of amoebae, the difference being just significant at the 
5 % level. The differences between counts of active amoebae in the minerals 
and farmyard-manmed plots were not significant, with the exception of 
one observation. 

Table 3 shows the counts of amoebae taken on six occasions from the tlu-ee 
corresponding plots of Broadbalk, Both the total and the active counts in the 
untreated plot are again very much lower than in the other two plots. The total 
counts in the farmyard-manured and complete-minerals plot did not differ 
significantly on five occasions, but on one occasion the farmyard plot had 
a significantly higher number. When all the counts are taken together, the 
farmyard plot has about 50 % higher total count, this difference not being 
statistically significant. Similarly, in the active counts there are no significant 
differences either on individual occasions or in the means of all the counts. 
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In gcncial Uic rcsuUs on IIro<'KH)alIc confirincrl those from Barnficlcl in spite 
of a much higher poj)n!ation in tJ»c former. The following conclusions may 
( hns he drawn ^\•ith some conn<ioncc. Although the j)crccn( 4 tge of organic carbon 
is rouglily the same in the untreated and {:omj)Ictc-mincrals plots of Barnficld 
and llroadhalk, the number of amoebae in the unircated plots is much lower 
than in the eonij)lctc-nnncrals plots. The differences in the total counts as 


lablc •]. TJu' j)!! vr/lttcs and organic matter content of the soils in the dijfcrent 
plots ofJiarnficld and liroadbalh at Jlothamsted. 

2 mm, air-dry soil uas used to determine the i»crccnla"e of organic content of tlic soils 


I’Jot 

]>1I value 

o/ 

/o 

llanineld 

Untrcalcd (j)Iol 8-0) 

7-2 

0-8 

Coiin)lelc minerals (plot 4A) 

7-1 

0-8 

Farmyard jnamired (plot I-O) 

7-0 

■ 2-5 

JJroadIjnll; 

Untreated (jjlot .')) 

8-1 

M 

Complete minerals (jiloL 7) 

7-0 

1-2 

Farmyard m, 'inured (plot 2) 

7*7 

20 


between the complete-minerals plots and the farmyard-manured ones are not 
sUitisticallj’’signiricantin the Broadbalk observations, and just reach significance 
in the case of Barnficld, in spite of large differences in the organic matter 
contents bettveen these two soils (Table 4). The diiTerences between counts of 
active amoebae arc not significant. 

It is of interest that the yields of mangolds and wheat in the untreated plots 
are about one-third those of the farmyard manure or the complete-minerals 
plots, as are also the numbers of amoebae in these plots. No marked differences 
arc found in the yields of the jjlots treated with farmyard manure or with 
complete minerals 4- ammonium sulphate. Thus the crop yields and the popula- 
tion of amoebae arc correlated in both fields. It may be emphasized that the 
treatment of the soil with artificial fertilizers for a long time has had no 
detrimental eflcet on the amoebae, but has in fact much increased their 
numbers in comparison with those in the untreated jdot. 

DISCUSSION 

It has been claimed by some earlier Avorkers that the numbers of Protozoa, 
cspeciallj'^ amoebae, in soil is insufficient to rause changes in tlie bacterial 
population. Daily estimates made by Cutler et at. (1922) over a period of 
365 days, however, indicated amoebae in numbers Avhich, in aocav of their 
food requirements, must greatly affect bacterial numbers. Indeed, these 
authors obtained evidence of an inverse relationship betiveen the numbers of 
active amoebae and those of bacteria as shoAvn by plate counts. Improved 
technique (Singh, 1946) has since shoivn that the numbers of amoebae were 
previously underestimated. Soil’ amoebae and other groups of micropre- 
dators are selective in their bacterial food requirements on non-nutrient agar 



Fertilizers and soil amoebae 209 

(Singh, 1941, 1942, 1945, 1940, 1947a, fc, c, 1918). Difrcrentinl feeding cfTects 
for certain strains of bacteria have also been shown to occur in sterilized soil 
both with true soil amoebae and with mjTcamoebne of Acrasicae (Singh, 1941, 
1947c). This work suggests that the micropredators may also alTcct the 
quality of the bacterial population, or conversely that their numbers may be 
affected by the proportion of edible bacteria present in soil. 

Tlic present work shows that the differences in the numbers of active 
amoebae as between the complete minerals and the farniyard-inanurcd plots 
of Barnficld and Broadbalk arc not statistical!}' significant. Parallel estimates, 
however (unpublished), have shown that the bacterial populations of fnnnyard- 
manured plots are higher than those in the complete-minerals plots, at least 
as estimated by plate counts. Thus it seems that some other factor, such as the 
quality of the bacterial flora, must account for the different relative eifect of 
manurial treatment on bacteria and amoebae resjicctivcly. 


Tliis work was made possible by a grant from the Agricultiinil Research Council 
to whom the autlior’s thanks arc due. I am verj' grateful to Mr A. V. Garcia (British 
Council Scholar at Rotliamstcd) for making the first three counts in Table 2. My 
thanks arc also due to Mr AVaixcn of the Chcinislr\* Department for determining 
the organic matter contents and pH of the soils mid to Mr G, Paine for kindly 
carrjing out tlic statistical analysis. It is a pleasure to express my sincere thanks to 
Dr U. G. Thornton, F.R.S., and Miss L. M. Cnmip for their interest In this 
work. 
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The Assimilation of Glutamic Acid by Yeast 

Bv E. SHIRLEY TAYLOR 

Medical IleseaTch Council Unit Jot Chemical Microhiologf/, Biochemical 
Laboratory, University of Cambridge 

SUMISIAHY : Using the correspondingnmino-acid decarboxylases, the sixnmino-acids 
arginine, glutamic acid, histidine, lysine, omitliinc and tjTosine were found to be 
free inside the cells of yeast. They are present when growtli lakes place in the absence 
of nmino>acids, but their concentration may !>e increased by growing the organisms 
in media rich in amino>acids. Uptake of glutamic acid from tlic external medium is 
dependent on a source of cnergj' which can be provided by the simultaneous fermenta- 
tion of glucose. Tlic presence of an ammonium salt in tlie medium decreases both 
the rate at wluch glutamic acid enters the cells and the amoimt of glutamic acid 
which can be taken up. Certain other amino-acids exert a similar sparing action on 
the assimilation of glutamic acid, wliicli can be related to their efficiency as nitrogen 
sources for growth. The free glutamic acid content of cells remains practically 
constant when the cells arc suspended in salt solutions ^silhout amino-acids, but if 
glucose is also present then the concentration of free glutamic acid inside the cells 
decreases steadily. AMicn ammonia Is also present tlie concentration of glutamic acid 
remains constant, suggesting that glutamic acid is s>mthcsi7.ed by the cells under 
these conditions, or alternatively that the ammonia is assimilated and utilirx^l 
preferentially. 

Elirlich (1907, 1009), in studies on the production of f«sel*oil during yeast 
fermentation, showed that the organism used certain amino-acids as a source 
of nitrogen for growth. With a growth medium containing inorganic salts, 
sucrose and a single amino-acid ns the sole source of nitrogen, lie was able to 
isolate from the medium, when fermentation had ceased, cither an acid or an 
alcohol corresponding to the amino-acid used. This rcs\dL led him to suggest 
that yeast is able to split ofT carbon dioxide and ammonia from the amino-acid 
molecule, leaving an alcoholic residue wliich caniiot be attacked further: 

7J.CIIj(NII;)C00H + n,O-^i?.ai.0U-hNIl3 + CO.. 

From Ehrlich’s work it might appear that the sole function of amino-acids 
in yeast nutrition is to provide a source of aimnonin, which in every case is tlic 
ultimate source of nitrogen for y’cast growth regardless of the nmino-ncid used. 

These experiments were confirmed more recently by Tliorne (1937), who 
extended them to include several amino-ncids not Icsteti by Khrlich. Thorne 
has shown that all amino-acids arc not equally effective as soxirco- of nitrogen 
for yeast growth. Some, such as aspartic and glutamic acids, arc better than 
ammonium phosphate, otlicrs sujiporl slower growth, and some are atUickc<l 
by yeast so slowly that they arc useless ns sources of nitrogen for growth. 
Several explanations of these findings were suggested!. Some of the nmino-aeld 
degradation products arc inhibitors of growth and fermentation, jiarlicularly 
the alcohol tr\'lophol, which is inhibitory in a concentration of 10~* (Thome, 
1D3.0). Tlic profluction of inhibitorj- substances cannot be corrclatcti witli tlic 
effect on growth in all eases, however, and Thome (1939) suggests that the 



212 E, Shirley Taylor 

chief reason for these (lin’crcnecs lies in the ciisc witli wliich tlie ainino-acifls 
can I)e {leaniinatctl by {he yeast to liberate ammonia. Since mixtures of amino- 
.'U’ids are more readily attacked than would be expected from results obbiincd 
with the separate eomi)oncnts, Thorne (19-15) suggests that yeast may bring 
about reactions between pairs of amino-acids in a manner analogous to that 
fotmd by Stickland to occur with Closlrulimn sporogcncs. 

'J’he amino-acid deearbo.xylascs provide a means of estimating certain amino- 
acids both inside the cells of micro-organisms, in the medium, or on the surface 
of the cells (Gale, 1917). Gale studied the ])assage of amino-acids, particularly 
glutamic acid aTid lysine, .across the membrane of the streptococcal cell and 
showed that mechanisms exist whereby these amino-acids are concentrated 
inside the cell. He ])oints out that this mechanism would be of greater value 
to organisms that arc nutritionallj' exacting and unable to synthesize their 
own amino-acid requirements than to organisms that arc able to do so. Stokes 
Gunness (19-lG) and Freeland & Gale (1947) estimated the amino-acid 
comj)osilion of certain micro-organisms, including yeasts, and showed that the 
amino-acid comj)osition of the cell proteins, .although differing for ditferent 
organisms, was unalfcctcd by very varied growth conditions. In a survey of 
the ability of a wide range of organisms to assimilate amino-acids it was shown 
(Taylor, 1947) that the yeasts and all Gram-positive bacteria tested contained 
significant amounts of free amino-acids, but that no free amino-acids could 
be detected in the cells of Gram-negative bacteria. In the ease of yeast Avhich 
grows with an ammonium salt ns the sole nitrogen source, and which may 
attack amino-acids solely in order to obtain ammonia from them, it was felt 
that a study of the conditions under which free amino-acids are found inside 
these cells might throw some further light on the problem of nitrogen assimila- 
tion b}' such organisms. 

EXPERIMENTAL 

The two organisms used for the work described in this paper were obtained 
from the Carlsberg collection: Yeast foam (No. 237) .and Dutch Top Yeast 
(No. 174). 


Growih of ihc yeasts 

Medium 1. Inorganic salt medium (Stephenson, 1936) at half the strength 
used for bacteria; tryptic digest of casein to give final concentration equivalent 
to 1-5% casein; 0-2%(w/v) Difeo yeast extract; 4-0%(w/v) glucose; 
pH adjusted to 5-5 before autoclaving. 

I^ledi'icm 2. As medium 1 but with the casein digest omitted. 

Medium 3. As medium 1 but with both casein digest and Difeo yeast extract 
omitted, and supplemented by the addition of trace elements and growth 
factors as follows. 

{a) Growth factors (final concentration in /<g./ml. medium), inositol, 1-0; 
calcium pantothenate, 0-2; nicotinic acid, 0-2; pyridoxin, 0-2; aneurin, 0-2; 


tin, O’OOl. 

!)) Trace elements stock solution (g-/h)' MgS 04 . 7 H 20 , 20-0,* NaCI, l-O; 
i04.7HoO, 0-5; ZnS04.7H20, 0-5; MnS04.3H20, 0-5; CUSO 4 . 5 H 2 O, 0-05; 
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10 ml. O’l K-H 2 SO 4 . Till's solution -was added in the proportion 10 ml.fl. final 
medium. 

The organisms were grown at 25® in Roux bottles each containing 150 ml. 
medium. 

Dry weights of the organisms in cultures and washed suspensions were 
estimated turbidlmetrically, using a photoelectric absorptiometer previously 
calibrated against suspensions of the organisms of known dry weight. In the 
case of cultures older than 48 hr., clumped growth rendered the turbidimctric 
method inaccurate, and the weights were obtained by drjung samples to 
constant weight at 100 ®. 

Esthnations. Amino-acids were estimated manometric.'illy using the specific 
decarboxylase preparations described hy Gale (1945, 1940). These estimate the 
unsubstituted L-isomers only, and consequently the amino-acids used in the 
assimilation experiments were the natural L-isomers in all cases, although, ns 
shown by Nielsen & Hartelius (1938), both d- and L-glutamic acid arc 
completely assimilable by yeast. 

Ammonia was estimated by a modification of the micro-difTiision method 
of Conway & Byrne (1938). The standard acid in the centre clmmbcr of the 
Conway unit was replaced by approximately 01 s-IICl. When diffusion was 
complete, the acid was removed from the centre chamber, and transferred 
quantitatively with washings to a graduated cylinder, made up to a suitable 
volume and the ammonia estimated colorimclrically after the addition of 
Nesslcr’s solution. 

General procedure^ The general technique used in studies on the variations 
in amino-acid content of the cells under various experimental conditions was 
ns follow's. The yeast, centrifuged down from the growth medium, was wnshwl 
in >r/lS potassium dihydrogen phosphate and made tip into a thick suspension 
(20-100 rag. dry weiglit/ml.) in distilled water. The nmino-ncid content was 
assayed on a 1 ml. sample. The cftcct of various c.xpcrimcutal procctlurcs on 
the yeast was testedin buiTcred salt medium containing Mcll vnine’s citratc-pbos- 
phate bufifer (final concentration 0*1 m) and Stephenson’s (1930) inorganic salt 
medium (ammonia-free, the ammonium phosphate being replaced by disodium 
hydrogen phosphate) at the concentration used in the growth media. Yeast 
was added to give a tenfold dilution of the thick suspension, the dilufetl 
suspension was tlicn shaken in a constant temperature bath, and the course of 
the reaction followed by removing portions of the suspension at intciw.als and 
analysing both sxiponiatant medium and cells as described below. 


RESULTS 

Effect of varying groicth conditions 

Evidence that yeasts, in common with certain Grnm-positivc bnctcrin, contain 
significant amounts of free amino-acids, was obtained by a mo<lification of 
Gale’s (1947) technique; the nmino-ncid present in a coll suspension is ns«;ayrd 
before and after rupture of the cell-wall. When assaying the amino-aruls 
outside or on tlic surfaces of the intact cells, it was at first found ncccssJirv' to 
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Presence of on ammonium salt. lVhcr> yeast cells arc incubated in glutamic 
acid solution, the amount which disappears from the external medium is equal 

Table o. Variation ivith age of culture m the ability of yeast cells 
to assimilate glutamic acid 

CcIIh from cullurcs of different n^cs were ineiibntcd in snlts-biiffer-gliicosc mixture 
eonlnining 8-l)l /(mol./ml. glutninic ncid. Venst suspension 10-5 mg. dry wt./ml. .Samples 
were removed nt times shown, llic cells centrifuged dotvn nnd the nmino-ncid content of the 
supcrnalnnt estimated. 

Duration of Age of culture supplying cells (hr.) 

exposure of cells , ' , 

to medium 12 2 J. 48 

(min.) //mol. glutamic ncid taken up/100 mg. dry wt. of cells 


0 

0 

0 

0 

1.5 

18-35 

11-0 

2-23 

30 

.32-3 

20-1 

11-02 

00 

40-5 

30-0 

31-8 

120 

42-5 

30-8 

32-2 



Fig. 2 Fjg- 3 

Fig. 2. Effect of varying external concentrations of glutamic ncid upon the glutamic acid 
content of yeast cells. Dutch Top Yeast grown for 24 hr. in medium 1. Cells incubated 
in snlts-buffer-glucose mixture in the presence of varying external concentrations of 
glutamic acid. Temperature 25°. Yeast dry weight C-0 mg./ml. External medium: 

8-03 //mol. glutanric acid/ml.; -0-0-0-, 4-40 //mol. glutamic acid/ml.; 

, 2-23 //mol. glutamic acid/ml. ;-x-x-x-,no external glutamic acid. Results 
■ expressed as //mol. free glutamic ncid inside 100 mg. dry wt. of cells. 

Fig. 3. Effect of the presence of ammonia on the internal metabolism of glutamic acid and 
on the rate of glutamic ncid uptake from the external medium. Dutch Top Yeast grown 
for 24 hr. at 25° in medium 1. Washed suspension of cells incubated in buffered salt 
medium at pH 4-5 containing 3 % (w/v) glucose nnd 3-7 mg. drj' nd. yeast/ml. Ammonia 
concentration 14-28 //mol. NHj-N/ml. Glutamic ncid concentration 8-98 //mol./ml. 
Results are expressed as //mo), glutamic acid inside the cells of 100 mg. yea st. - x - x - x 
external medium salts-buffer-glucose oiily ; - A’ A' A'. -fammonia;-»-#-«-. + glutamic 
acid; -O-O-O-, + ammonia + glutamic acid. 


to that which appears inside the cells (Fig. 4o). When ammonia is added to 
the suspending medium as ammonium sulphate, the rate at winch glutamic 
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acid is assimilated from the external medium is decreased, and a corre- 
spondingly diminished coneentration of glutamic acid is found inside the cells 
(Fig. 4 !j). 

In considering the importance of glutamic acid assimilation to the yeast cell 
and the effect which the presence of external supplies of ammonia has on this 




Fig. 4. Uulancc bolwcen glulnmic odd Inside the rcU'i of Dutch Top Vcant and In the 
cxlcmol medium (o) in ominonia-fccc salt medium, (fc) in the presence of nmmonia. 
Dutch Top Yenst grown for 24 hr. at 25* In mwlinm 1. Wndied suspension of cells drj* 
ssi. 5 0 mg./ml. Incubated in buffered salt mcilium containing 2% (W'‘) glucose under 
the following condlUoas; (o) (1) no additions, <2)+8 02 /«mol. extenial glutamic 


supplies of glutamic acid, estimated by the difference lictween free glutamic acid 
content of the cells in (1) and (2) and again betw<'cn (3) and (4) when ammonia h also 
present in the external metliuni. Kcsulbi arc exprcsM^l ns /iinol. glulamie acid Inside 
JOOmg. dry »*t ofcclK •-represents the amount ofglutnmlcnriil disappearing 

from the external medium measured in (2) and (4), exiirc'wl as pmof. glutamic arid 
taken up by 100 mg. dr>* of cells. — — represents the total free amlnf>-ncid present, 
glulnmic neid ilRnpjKaritig from external inwlium -r Incrrane In free glutamic arid 
content of the cells. 

process, it wi!l be remembered t)uit tvJien ^owth takes pl.ucc in a nictlium 
devoid of nmino-ncids, free mnino-ncids nrc still to 1)C found inside tlic cells; 
the yeast must be able to sjTithcsizc all its mnino-acid requirements from the 
ammonium salt. Fig. 3 sliows tliat sjnlhcsis of glutamic acid lakes pkice under 
these conditions. The concentration of glutamic acid diminishes when the cells 
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arc incubalccl in the presence of glucose only, but if an ammonium salt is also 
present the coneentration is maintained, and increases slightly. When the 
cells arc incubated with glutamic acid, ammonia decreases the concentration 
of free glutamic acid inside the cells. It has been shown that the cells can 
synthesize glutamic acid from ammonium salts in the presence of glucose, and 




Fig. 5 . Effect of nminonin and certain amino-acids in decreasing the rate of glutamic acid 
assimilation by yeast. Dutch Top Yeast grown for 24- hr. at 25° in medium 1. Washed 
suspension of cells incubated in buffered salt medium at pH 4-5 containing 3 0 % (w/v) 
glucose and 8-98 /<mol. glutamic acid and 8-2 mg. dry wt. ycast/ml., with further 
additions: no additions; -0-0-0-. -f 14-28 /imol. NHj-N/ml.; -x-x-x, 

-t-8-98/tmol.nrgininc/ml.; -X-I-X, -i- 8-98 /<mol. aspartic ncid/ml.;-^-^-^^, 4-8-98 //mol. 
lysine/ml.; -A-A-A-, 4-8-98 //mol. tyrosine/ml. Results expressed as //mol. glutamic 
acid appearing inside 100 mg. drj- wt. of cells. 

Fig. 0. Loss of amino-acids from the cells of Dutch Top Yeast in the presence of glucose and 
ammonia. Dutch Top Yeast grown for 24 hr. at 25° in medium 1. ^Vashed suspension 
of cells incubated at 25° in buffered salt medium at pH 4-5 containing 4 % (w/v) 
glucose and 0-0 mg. dry wt. ycast/ml. Ammonia concentration 7-14 //mol. NHj-N/ml. 
Samples withdrawn at intcrv'als and the free amino-acid content of the cells estimated. 

j ammonia absent from external medium; , -f- ammonia in external 

medium; lysine content/100 mg. dry ^vt. cells; glutamic acid 

content/100 mg. dry v-t. cells; -x-x-x arginine content/100 mg. dry vi;. cells. 


it might be that the decreased assimilation in the presence of ammonia is the 
resultant of some sort of balance between assimilatory and synthetic pro- 
cesses; but other evidence, shortly to be published, rules out this possibility. 

The effect in decreasing the rate of glutamic acid assimilation is not specific 
to ammonia. Fig. 5 shows that, whereas lysine and tyrosine have little effect on 
the uptake of glutamic acid, both arginine and aspartic acid have a greater 
sparing action on glutamic acid assimilation than ammonia itself. When these 
results are compared with the growth e.xperiments of Thorne (1945) a definite 
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relationship is found. Aspartic acid is a better source of nitrogen for growth 
than glutamic acid or ammonia^ and. aspartic acid exerts a greater sparing 
action on the assimilation of glutamic acid tlmn docs ammonia itself. Lysine, 
on the other Iiand, which is virtually unattached by yeast, has no significant 
sparing action. 

Further evidence in support of this view was obtained by studying the con* 
centrations of various amino-acids inside cells incubated with glucose both in 
the presence and absence of ammonia, ns shown in Fig. C. The high initial 
concentration of internal lysine does not decrease significantly over the incuba- 
tion period, even in the absence of ammonia, and lysine consequently cannot 
be undergoing any metabolism; whereas the concentrations of both arginine 
and glutamic acid decrease ns these compounds are metabolized, and ammonia 
exerts a definite sparing action in both cases. 


DISCUSSION 

The present work shows that yeast contains the six amino-acids arginine, 
glutamic acid, histidine, lysine, ornithine and tjTosinc in the free state inside 
the cell. This is so even when growth takes place in a medium free from amino- 
acids. ^Vhen the sole source of nitrogen is an ammonium salt, synthesis of 
amino-acids must therefore take place inside the cell. By growing the 
organisms in a medium rich in free amino-acids, however, the concentration 
of amino-acids within the cell is increased, and from the cITcct of cxtcnial 
glutamic acid on its concentration within the cell, it is clear that under con- 
ditions which exist in a medium containing amino-acids, this amino-acid is 
taken up from the external environment. Such assimilation will account for 
the higher values found for the amino-acid content of the yeast grown in 
a medium rich in amino-acid. For the assimilation, n source of energy, such ns 
is provided by the simultaneous metabolism of glucose, is essential; ami 
similarly glucose is nccessar>’ for the utilization of glutamic acid witliin tlic 
cell. 

Wlicn cells rich in free amino-acids arc suspended in salt media not con- 
taining amino-acids, there is no tlccrcasc in the internal concentration of 
glutamic acid until a source of energy is provided, when it begins to decrease 
steadily. This decrease could be accounted for in several ways, either by outward 
diffusion of the amino-acid or by its condensation into cornbinetl glutamic acid 
in peptide or protein, but the evidence rules out these possibilities. The 
glutamic acid which disnpj)cars may therefore be metabolized in some other 
way, and its utilization by the growing cell ns the sole nitrogen source 
indicates that it can be converted into other amino-acids atul nitrogenous 
compounds. It may be clcaminated ns Xhc first .step in such intnicelliilar 
reactions and such a hypothesis is supi>ortcd by the rclationsliip !>ctwcvn the 
cfTcct of ammonia and other amino-acids in decreasing the rate at which 
glutamic acid is taken up from the external mwlium. Thome (1030) suggested 
tlial the chief difTcrcnccs between the Various amino-acids .as effective sourt'rs 
of nitrogen for growth may be l.argcly due to the case with which yeast is able 
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lo dcaniinatc f.hein; t.lic present data on the cfTcct of ammonia and various 
amino-acids on glnlamic acid assimilation arc not inconsistent Avith this 
suggestion, 

IJic conccnlralion of free amino-acids found inside the cell represents 
a balance between the rate at whicli tlicy arc utilized and the rate at which 
they arc synthesized or taken up from the external medium (Gale & ISIitchell, 
1017). Consequently the appearance of free amino-acids inside a cell must 
mean that the amino-acids arc either synthesized or taken from the medium 
at a rale greater than that at which they can be mebibolizcd within the cell. 
This appears to be the case with gluUimic acid in the yeast cell even when 
growing in medium free from amino-acids. The fact that the presence of 
ammonia decreases the concentration of free glutamic acid within the cell 
indicates that ammonia may (a) decrease the rate of glutamic acid uptake, 
(b) increase the rate of its internal metabolism, or (c) exert both effects. 
Possibility (b) is ruled out by the facts presented in Fig, 4, If ammonia and 
ammonia precursors act by ‘sparing’ glutamic acid, as shown by Fig, 4, then 
the primary action of ammonia must be on assimilation, 

I wish to record my indebtedness to the late Dr IMarjorj’ Stephenson, F,R,S. and 
to thank Dr E. F, Gale for the liclp and encouragement they gave me tljroughout 
the course of tliis work, I am also indebted to the Medical Research Council for a 
personal grant. 
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Adaptation of Sporocytophaga myxococcoides to Sugars 

Bv ANTJE KAARS SIJPESTEIJN and G. FAHRAEUS 
Laboralory for Microbiology, I'cchnical University, Delft, Holland 


SUiMMAHY: Strains of Sporocytophaga myxococcoides were cultivated in a mineral 
nutrient mcdiimi with glucose. In media containing 0-1 % glucose sterilized by Seitz- 
flltmlion growth readily occurred, whereas in corresponding media with 0-5 and 
l-O % glucose tlicrc was a pronounced lag in development that sometimes lasted for 
several weeks. 

The dural ion of the lag period appeared to depend on the number of cells in the 
inoculum, and could be diminished by incubation at 25° instead of 80°, although the 
latter temperature is nearer to the optimum temperature for growth. Apparently 
adapUition to the high glucose concentration takes place during the lag period. 

Cells adapted to high glucose concentrations grow readily in media with the 
same concentration of mannose, whereas non-adapted cultures do not grow in these 
media, or only after a long lag period. None of the strains investigated showed any 
development in media in ^vhich cither fructose or xylose was the sole source of 
carbon; nevertheless, these sugars did not inhibit, or only slightly, inhibited 
cellulose decomposition. 

Stanicr’s obscr\'ation, that the development of Sp. rnyxococcoides is inhibited when 
the glucose is autoclaved in the nutrient medium, was confirmed. If, however, due 
care be taken to avoid an alkaline reaction, glucose autoclaved either separately 
or in the medium sustains grow-th in the same way as does glucose sterilized by 
filtration. 
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*Cyt. gJohulosa' received from Stapp, this occurred even in 0*1% glucose, 
but F&hraeus’s own strain *3’ was less sensitive. After the initial growth 
inhibition, which lasted for about 10 days, glucose was consumed first, and 
then cellulose. 

The demonstration that Cytophaga spp. were able to use glucose made it 
plausible that like other cellulose-decomposing organisms, they would 
hydrolyse this polysaccharide previous to oxidation. Further evidence for a 
liydrolytic breakdovTi was given later (Fahracus, 1914, 1940, 1917). 

Though the retardation of cellulose decomposition cfTectcd by low glucose 
concentrations had been satisfactorily explained by the fact that glucose is 
consumed preferentially} the phenomenon of tlic delay of both glucose and 
cellulose consumption caused by higher glucose concentrations required further 
investigation. 

In 1942 Stanicr published two papers on the Cytophaga group, dealing also 
with its glucose metabolism. At that time, owing to war conditions, Stanicr 
was not yet acquainted wnth FAhraeus’s results. The important discovery was 
made by Stanicr that glucose not sterilized by heating, but by Scitz-fdtration, 
was, at least in a liquid medium, an excellent source of carbon for his Sporo- 
cytophaga and Cytophaga strains. This appeared to be true for glucose con- 
centrations up to 2 %. maximal growth occurring after 5 days in all concen- 
trations, in tubes without cellulose. Stanicr states in this connc.vion; ‘Further- 
more, the glucose sterilized by filtration exerted no "toxic effect" on the 
growth in the presence of cellulose. With the highest concentrations tested 
there was, it is true, a decrease in cellulose decomposition, but at the same 
time abundant growth occurred in the surrounding liquid medium. This partial 
inhibition of cellulose decomposition is probably due to preferential utiliza- 
tion of the monosaccharide.’ One should compare tliesc results with SUmicr's 
experiments with glucose, autoclaved in the nutrient medium, where 0-1 or 
less of glucose in the cellulose medium supported maximal growth after C days, 
but 0*5-2 % even after 20 days did not support any growth. Stanicr suggested 
that the toxic effect must be a result of the formation of harmful decomposition 
products from the glucose when heated in the phosjihnte-containing medium, 
llowcver, he did not describe experiments with glucose nulocinved separately 
in distilled water. 

FAhraeus (1947) made it clear that throughout Ins e.arlicr work he had used 
glucose sterilized in this way, and that he had nevertheless ol)scr\'e<l inhibition. 
From this, one might conclude that healing glucose in dislillctl water nWo gives 
rise to inhibiting substances. However, this ncctl not necessarily be true, for 
in FAhracus’s experiments the glucose was toxic irrespective of any hc.iting, 
since, contrary to Stanicr, he obscivctl inhibition also with Scitz-filtcml 
glucose (cf. FAhnieus 1PJ7, p. 53). The same results were obtainetl with 
different samples of glucose, purificil glucose, and glucose prepared by hytlm- 
Ivsis of lichenin by means of enzyme preparations of Cytophaga spp. Tlusc 
experimeuLs were all performed with Stapp's strain of ‘Q/l- ghlutora’. Tims 
there remained a markctl contrast between tlic results of Stanicrand rahr.acus. 
which still had to l>e cxplainetl. 
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Bv ANT.IE KAARS SIJPESTEIJN am) G. FAIIBAEUS 

Laboratori/ for Mkrobiologij, Technical Univcrsili/, Delft, Holland 


SUiAIAIAHY; Slrairis’ of Sporoajtophaga myxococcoides were cultivntccl in a mineral 
nutrient medium willi glucose. In media containing 01 % glucose sterilized by Seitz- 
llltration growth readily occurred, whereas in corresponding media with 0-5 and 
1-0% glucose there was a pronounced lag in development that sometimes lasted for 
scvcnil weeks. 

The durnlion of the lag period appeared to depend on the number of cells in the 
inoculum, and could be diminished by incubation at 25° instead of S0°, although the 
latter temperature is nearer to the optimum tcmpcniturc for growth. Apparently 
adaptation to the high glucose concentration lakes place during the lag period. 

Cells adapted to high glucose concentrations grow readily in media -nith the 
same conccnlnilion of mannose, whereas non-adapted cultures do not grow in these 
media, or oidj* after a long lag period. None of the strains investigated showed any 
development in media in which either fructose or xylose was the sole source of 
carbon; nevertheless, these sugars did not inhibit, or only slightly, inliibited 
cellulose decomposition. 

Stanier’s observation, that the development of Sp. myxococcoides is inhibited when 
the glucose is autoclaved in the nutrient medium, was confirmed. If, however, due 
care be taken to avoid an alkaline reaction, glucose autoclaved either separately 
or in the medium sustains growth in the same way as docs glucose sterilized by 
filtration. 

For several types of cellulosc-clcconiposing micro-organisms the ability to 
hydrolyse cellulose to the constituent sugars, either cellobiose or glucose, has 
been demonstrated. This, as well as the faet that at least some of these 
organisms have been found to grow on glucose as a sole source of carbon, has 
led to the general conception that cellulose breakdown by micro-organisms 
proceeds in the following two steps: (1) liydrolysis to glucose, succeeded by 
(2) oxidation or fermentation of this sugar to the final metabolic products. 
However, until recently cellulose-decomposing soil bacteria of the Cyiophaga 
gi'oup seemed to be an exception to this rule. In spite of several attempts 
nobody had been successful in demonstrating either cellulase activity or growth 
on glucose. Moreover, the fact that cA'cn low concentrations {0-1-0-2 %) of 
reducing sugars, glucose included, retarded or even completely inhibited 
cellulose decomposition, suggested a toxic action of this sugar towards Cyio- 
phaga spp. As the older literature on this subject is discussed extensively in the 
papers of Stanier(1942Z>) and Fahraeus (1947) weshall not enter into details here. 

Falu-aeus (1941) attacked this problem from the quantitative side. With the 
aid of glucose and cellulose determinations he showed that glucose, added in . 
low concentrations (0-05 %) to the cellulose medium, was rapidly consumed b> 
both strains studied, and further that the observed delay in the cellules 
decomposition was due to a preferential attack on the glucose. Howev* 
when using higher glucose concentrations he observed a lag in the developnu 
- during which neither cellulose nor glucose ^vas consumed. For the straii: 
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• Sometimes parallel tubes were set up both with and ■\vitho\it the addition 
of cellulose (as strips of filter paper Xo. 597, Sclilcicher & ScliuII). A':, however, 
growth was often poorer in the presence of filter-paper than in its absence; the 
paper strips were as a rule left out in the experiments reported here. Tlic 
unfavourable effect of the filter-paper may be due to Imnnful substances in it 
(F&hracus, 1947). 

The media indicated in Table 1 were used; they proved to be equally 
satisfactory. 

Tabic 1 


Medium Dubos 

(gO 

Medium g 

(g-) 

XnKOa 

0 05 

Ntt.\0, 

0 03 

KjHPO, 

0-1 

K,HPO, 

01 

MgSO,. 711,0 

0 05 

MpSO,. 711,0 

0 05 

KCl 

0 05 

ica 

0 05 

FeSO*. 711,0 

0 001 

CnClj.ClljO 

0 02 

Distilled water to 100 ml. 


FcCI,. 011,0 

MnSO,. 411,0 

Distilled water to 100 ml. 

0 002 
OOOOi 


Tlic pH was adjusted to give n value of 7*2 after autoclaving. All cultures 
were incubated at 30®, unless othcnvlsc stated. 

The tubes were inoculated with a loopful up to a few drops of a suspension 
cither of attacked cellulose fibres taken from a young culture on filler-paper, 
or of the bacteria present in a previous culture in a sugar medium. 

* RtsuUs 

Groieth in liquid glucosC’Coniaining media 

First the behaviour of four strains towards different concentrations of 
glucose autoclaved separately in distilled water w.as studied. 

Table 2. Period necessary for obtaining visible f;ro:cth of different 
Sporocytophnga strains in a medium f^hicosc autoclaved separately 
Four pnniIJcl C mthout, 2 »»ilh n}lri-*j).iper. 


(Jluco^ concentration (%) 



0 0 

0 05 

0-1 

Pcriotl (days) 

02 

0 5 

•C. pfo&jdosa* 

2-3 

3 

4-5 

0-y (ij 

0-14(1) 

3 

2 

2 

3 

5 

0 

11 

3-1 

2-^ 

2-5 

5 

0 

D 

2 

2 

4 

5 

5-0 


I'tsprowih occwrml only in some tulxrs. 



As shown in Table 2 the results were essentially tlic f^nme for all strains, in 
that in all eases the development was markcilly rclardctl alxivc .a certain 
glucose conccnlral ion. The results confirm those obtatnctl previously (Fuhrarus, 
1911, 1947). *Cytopbasa seemed to be the most sen'^divc stratn, hut 
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Description of strains 

Five .strains were available. As all formed sjdicrical inicrocy.sls and resembled 
Sporociftophaf^a vii/.rococcoidrs Iliilehinson & Clayton emend, ICrzcmieniewska 
(Slaiiier, 1910), in most other features, they may all be considered to belong 
to this species. 

Two of the strains had been used by I'Yihracus througiiout In's earlier 
expcrinicnls (lO'll, WU, IMO, 1047), i,e, Cylophaga ‘5’ and 'Cijiophaga 
giohuhsa'. Tlic latter strain was isolated and described by Stiipp & BorteJs 

'J'hc three other strains had been isolated in 1942 from garden soil by 
A. Kaars vSijpcstoijn. These strains arc designated H, W and D (PI, 1, figs, 1-3), 
After preliminary purification in liquid media they were isolated in the following 
difierent wiiys. Strain H was obtained in pure culture by application of the 
dilution method, strain W by the cellulose agar technique, and strain D by 
‘pasteurization’ for 10 min, at 70°, Microscopic examination of the cultures 
indicated the absence of anj' contaminants, and streaking on ordinary nutrient 
media did not give any growth, so that the purity of the cultures seemed 
guaranteed. 

The length of the rods of these three strains is approximatelj'- the same, 
about 3-o-5/i, and the diameter of their microcysts is approximate!}' 1*6//, 
Strain D produces a pale yellow pigmentation and does not produce much 
slime, whereas strains H and W cause a deep yellow orange coloration of the 
paper accompanied with more abundant slime production. 

The first author (A. K. S) had established in 1942 that these strains were 
able to grow, though badly, in media with, as the sole source of carbon, 0-1 % of 
glucose which had been sterilized by autoclaving in the complete medium. 

In view of Stanier’s results these experiments were rcjjeatcd in 1946 shortly 
after receipt of his publication. It then appeared that it was indeed possible 
to obtain good growth in media containing the said low glucose concentration 
also when heat sterilization was applied. Hitherto it had been found necessary 
either to autoclave the glucose separately in distilled water, or to keep the pH of 
the medium to be sterilized at a value not exceeding 7-0. How ever, when the 
glucose was autoclaved in an even slightly alkaline medium, no development 
took place. The behaviour of the three strains in media with higher glucose 
concentrations had not been tested before the present work was undertaken. 

Methods 

For the experiments culture tubes containing 9 ml. of a mineral medium 
with the composition given below, and various concentrations of glucose, were 
used. The glucose was added as a concentrated solution in distilled water which 
was separately sterilized, either by Seitz-filtration or by autoclaving for 15 min. 
at 110°. The figures given below refer to the final concentrations after addition 
of glucose to the basal mineral medium. (The glucose used v’as ‘Analar’, 
British Drug Houses Ltd.) 
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Sometimes parallel tubes were set up both with and witlioiil the addition 
of cellulose (as strips of filter paper No. 597, Schleicher & Schull). As. however, 
growth was often poorer in the presence of fdtcr-paper tlian in its absence, tlic 
paper strips were as a nde left out in the experiments reported here. Tlic 
unfavourable effect of the filter-paper may be due to harmful substances in it 
(Fahraeus, 1947). 

The media indicated in Table 1 were used; they proved to be equally 
satisfactory. 

Table 1 


Medium Dubos 

(g.) 

Medium g 

(g-) 

NaNOj 

0 03 

NaXO, 

0 05 

K,iiro, 

01 

K,llVO^ 

01 

MpSO,. 711,0 

005 

MpSO,. 711,0 

0 05 

KCl 

005 

KCl 

0 05 

FeS 04 . 7 lI ,0 

Distilled water to 100 ml. 

0001 

CaCI,.CH,0 

FcClj.OIIjO 

MnS0,.4H,0 

Distilled water to 100 ml. 

002 

0 002 
0-0002 


The pH was adjusted to give a value of 7*2 after autoclaving. All cultures 
were incubated at 30®, unless othenvisc stated. 

The tubes were inoculated with a loopful up to a few drops of a suspension 
cither of attacked cellulose fibres taken from a young culture on filler-paper, 
or of the bacteria present in a previous culture in a sugar medium. 

' Results 

CroKth in liquid glucosc'coutainiug media 
First the behaviour of four strains towards different concentrations of 
glucose autoclaved separately in distillctl water was .«:ludicd. 

Table 2. 2*eriod necessary for obtaining visible gro-xth of different 
Sporocytophaga strains in a medium xcith glucose auioclaxrd separately 
Four parallel talics: 2 wlUioul, 2 uilh nUrr-jKXper. 

Glucose conccnlrallon (%) 


Strain 

C. pfot;fdoso’ 

0 0 0 05 

01 

I’critxl (days) 

02 

0 5 

2-3 3 

4-5 

r-t. ( 1 ) 

0-14(1) 

3 

2 2 

3 

s 

r> 

H 

3-4 2-3 

2-5 

5 

r. 

D 

2 2 

4 

5 

5-0 


occwrml 

only In unnc 



As sliown in Table 2 tlic results were essentially the same for all strains, iti 
that in all cjiscs the development was markctlly retarded al>ovc a certain 
glucose concenlralion. The results confinn those ol>tninc<l previously (FAhraciis, 
1941, 1017). 'Ciftopbaga globulosa* seemed to l^c the most sensitive strain, hut 
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it also finnlly grew in the highest concentration, allhougli somewhat irregularly. 
The slightly better growth of this strain than in earlier experiments (cf. 
Fahraeus, 1047, ]). 54) may be clue to the use of a dilTcrcnt medium. The 
medium used in tlic experiments reported here contained nitrate as a source 
of nitrogen, while most earlier experiments were carried out with ammonia as 
a nitrogen source. There were also certain other dilTcrenccs, but the decom- 
position of cellulose in the absence of glucose was unaffected by this change in 
the composition of the medium. 

Subsequently, the growth of ‘C. globiilosa’ and strain H in various con- 
centrations of fdlcrcd glucose was compared with that in a medium with 
glucose autoclaved separately. A Jena glass filter (G 5 on 3) was used for the 
filtration. The results arc summarized in Table 3. 


Table 3. Period necessary for obtaining visible growth of two Sporocytophaga 
strains in media with filtered or separately autoclaved glucose 

Substrate 


Strain 


Filler- 

paper 


Glucose (%) 


Treatment of 
glucose 


005 0-1 0-2 

Period (days) 


0-5 


‘C, globutosa’ 

Filtered 

2-3 3-1 

0-0 

0(1) ■ 

- 

Autoclaved 

5 

0-0 

— 

— 

H 

Filtered 

2 2-3 

5 

5 

0 

Autoclaved 

o 

*• 

4-0 

5(1) 

0(1) 

_ 

= no growth in 21 days. 

1 = growth only in some tubes. 



From these results it is quite clear that, at least under the conditions of the 
experiment, the filtered glucose also was inhibitor)', in agreement with previous 
results (Fdhraeus, 1947). 

In otber experiments it was found that strains D and W showed the same 
inhibition by glucose, independently of its pretreatment. An experiment in 
flasks with a shallow layer of liquid in order to secure good aeration, did not 
lead to a diminution of the lag phase in glucose media. 

An experiment was made witli strain H to investigate whether cultivation 
at 25° would allow better growth in different concentrations of Seitz-filtered 
glucose than at 30°. Inoculation was restricted to one loopful of a suspension 
of attacked filter-paper. Within 3-7 days growtli had begun in all tubes with 
filter-paper only, and in those with 0-1 % glucose, whilst in tubes with 0-5 and 
1-0 «/ glucose no turbidity could be observed. However, after 16 days, growth 
became visible in the first of these tubes; within the next few days development 
started in more tubes. Thus 24 days - after inoculation development was 
apparent in four out of six tubes with 0-5 and 1-0 % glucose incubated at 25° 
id in three out of fourteen tubes incubated at 30°. Thirty days after inocula- 
tion m--- -h started in one more of the latter tubes. The other tubes did not 
lov '' - srowth up to the time the experiment was ^discontinued, at 

® ’-T ■ apparent, it was abundant within a few days. 

41 d' * 
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These results show that in order to start growth in 0-5 and 1*0 % glucose an 
incubation temperature of 25® is more favourable than 30®, although develop- 
ment in cellulose media is much more rapid at the latter temperature. As a nilc 
it takes 5-0 days before growth becomes visible at 25® ns compared with 
8 days at 80®. These results were repeatedly confirmed; Table 4 summarizes 

Table 4. Effect of incubation femperaiuTe on time needed for visible 
gro-iVth of Sporocytophaga strain II in filtered glucose 
Substrate 

Filter-paper Glucose (%) 


0 5 10 

Temperature Time(c!a>s) 

30 3 -.-.Si - 

23 0 10, 10 20 

— sano growth in 28 days. 

one of these avperiments. Here again good growth in 0*5 and 1-0% 
glucose occurred only after a long delay. Obviously, in those tubes in which 
growth finally took place the cells of the inoculum were alive, but unable to 
grow during a lag phase which lasted for many days. Wc therefore conclude 
that during this period adaptation to the high glucose concentration takes 
place, as previously suggested (FAhraeus. 19 n , 1947). Tliat in the experiments 
of Tabic 4 the lag was so much longer than in those summarized in Tables 2 and 8 
may be ascribed to difTcrcnccs in strength of the inoculum. Earlier obscn*ations 
(Fihracus, 1917) support tliis view, which was further confirmc<l in an c-\pcri- 
ment in whicli tubes with 1*0% glucose were vcr>’ heavily inoculated with 
attacked filter-paper taken from a culture with cellulose only; then growth 
usually was visible even after only 5 days at 30®. Ilowcvcr, this experiment 
did not exclude the possibility that growth factors were inlrotluccd into the 
medium with the heavy inoculum and were really responsible for the observed 
shortening of the lag. But the experiment recorded in Table 5 appears to rule 
out this possibility. 

Table 5. Number of daps necessarp for obtaining visible groicth q/‘‘Cyto]>hnga 
globulosa’ in glucose media on addition of: (1) a thick suspension of living 
cells; (2) the same suspension boiled; (3) the same after Seitz filtration 
2. 3 and control Inoculatctl with ti normal amount of bacteria. 

SubUratc 

Filter-paper Cluvtwc (%) 


Su?pcn<ion 

I 


02 0 3 

Tiinc (day*) 


4 


U 

3 


3 

Control 


no jrrowth in 2} daj^-s. 
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If the iinie rcfjuircd for ad/iplalion is indeed responsible for the long lag 
period ol)sorvod after inoculating from a cellulose eulture, it ■would he expected 
that subeulturing from a culture already gro'ivn in a glucose medium would 
not show any groAvth retardation. 

Both for si rain II and for strain IV it w'as found that on continued transfer 
in media with the same high glucose concentration (O-H or 1-0%) the first 
growth Avas already manifest after 3 days’ incubation at 80“, This period is 
considerably shorter even than that observed in experiments in which very 
heavy inoeula from cellulose cultures were used. 

Besides adaptation to high glucose concentrations as such, it appeared that 
adaptation to a particular concentration of the sugar had taken place. In some 
experiments at least, in which tubes with O-l, 0-5 and 1'0% glucose were 
inoculated from a young culture in a medium Avilh 1*0 % glucose, it Avas obvious 
that groAvth occurred much more readily in the tube Avith the corresponding 
sugar concentration, i.e. 1-0 %. 

Although the lag of cellulose-grown bacteria in media Avith high concentra- 
tions of glucose is considcrabl}^ shorter at 25° than at 30°, for continuous groAvth 
in glucose media 30° is a more faA'ourablc tcmperaturc.than 25°. This difference 
between the optimal temperatures for adaptation and for groAvth AA'as 
established for all the strains tested, A-iz., H, W and D. 

Cultures of Sporocytophaga growing in liquid glucose-containing media shoAv 
some remarkable features. The first evidence of groAvth is nearly ahvays the 
appearance of small yclloAvish granules at the surface of the sediment. One day 
later the liquid has become turbid, and often small fiocculcs appear on the 
glass wall. Whereas filter-paper is practically only attacked near the surface 
of the medium, groAvth in glucose media is not I’cstrictcd to the surface. 
Sometimes the turbidity is uniform throughout the medium; in many tubes, 
hoAvcver, groAvth is granular and uncA'cn, and both on the glass Avail and 
in the liquid there occur small colourless or yelloAvish floccules, as described 
by Stanicr (19421;), In old cultures there is alAA’ays a thick layer of bacteria on 
the bottom of the tube, and the supernatant liquid becomes more or 
less clear. 

The acrophilic character of the cells is clearly demonstrated by the heaAy 
groAvth that occurs Avhen the bacteria succeed in maintaining themseh^es on the 
surface of the medium. PI. 1, fig. 4 demonstrates hoAv under these conditions 
a thick pellicle is formed at the surface; when filter-paper is present this occurs 
more readily. 

The larger floccules sometimes luesent on the glass Avails Avere about 1 mm; 
diameter and could easily be picked from the medium, and examined micro- 
scopically on a holloAV-ground slide. After crushing, the material appears to 
be composed of both rods and microcysts. These colonies resemble the ‘stars’ 
described by Stapp & Bortels for groAvth on a cellulose medium. In our case, 
hoAvcA'^er, the dimensions Avere much larger. 

PI. 1, fig. 5 shows bacteria obtained from a liquid medium containing 1 % 
glucose. Contrary to its state in cells from cultures of the same age grown on 
cellulose, the chromatin is not eA^enly dispersed in the cells, but is localized; 
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di\iding rods, and the transition forms between rod and microcyst, arc Tciy 
frequent. The rods arc somewhat inflated, and the microcysts are larger than in 
normal cultures. As these differences might be due to suboptimnl conditions in 
the liquid medium owing to insufficient air supply, cells groum in the yellow ring 
at the meniscus of tlie water surface were also examined. They were however 
very similar, though less inflated. Also in bacteria grown in a liquid medium 
with 0*1% glucose the localization of the chromatinic material was rather 
conspicuous, but the cells were not inflated. 

Groicth on glucose agar 

Since growth was good in a liquid medium with relatively high glucose 
concentrations, it was attractive to investigate the behaviour of the strains on 
nutrient agar containing fdtered glucose. Stonier remarked that Sp. rnyxo- 
coccoidcs developed scantily, if at all, on mineral agar with 1‘0% glucose, and 
that development on plates was regular only when the sugar concentration 
did not exceed 0*2 % . He suggested that the addition of glucose to the melted 
agar at 50®, just before pouring the plates, might cause sufficient decomposition 
of the sugar to alTcct adversely the subsequent development of the bacteria. 
Harmsen (194C) describes the formation of distinct colonics of strains of 
Sporocytophaga spp. on cellulose agar containing 0*1 % or 0 25 % glucose. 

In oiu* attempts to cultivate Sporocytophaga on glucose agar we started from 
both cellulose and glucose cultures. We prepared plates of the same com- 
position as Dubos’s nutrient medium (Table 1) with 1*5% agar that had been 
carefully washed with distilled water for several days. Tlie agar was cooled 
to 87®, mixed with a Seitz-fdtered glucose solution at the same temperature, 
arid the plates poured immediately. 

In several experiments strain H grown in a 1 % glucose medium was 
streaked on plates containing 1 % glucose. Many colonics were .seen after 
5 days at 80®. After 12 days the largest colonics had a diameter of 2-4) mm, 
(PI. 1, fig. G). They were yellow-orange in colour, very slimy, and in the centres 
of the colonics darker parts of a peculiar shape were visible, all colonics being 
of the same character. 

In another experiment, with the same strain, streaks were made from a 
hca^’5* suspension of decomposed fiUcr-papcr on to 0-1 and 1 % glucose agar. 
On the latter no growth occurred, but on 0-1% glucose agar a great many 
colonics were seen after 5 days. The colonics were rather faint in colour and 
less thick and slimy than those on 1% glucose described earlier. In this case 
too all colonics were of the same type (cf. PI. 1, fig. 7). 

In several other experiments it appeared tiuil growth occurred more readily 
when the glucose plates were inoculated from cultures containing the corre- 
sponding concentration of glucose, once more suggesting that adaptation to the 
given concentration of the sugar had taken place. 

It should be stressed that development on glucose agar was not always 
successful; in several eases growth failed completely notwithstanding that 
under the same conditions in other instances gooil growth liad l>ccn oblatnetl. 
We liavc no explanation for this. 
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'J’Jic wicroscopicjil nppcnrnucc of bactcriu grown oti O-I % glucose agar can 
be seen in PI. ] fig. 8, 

I'j'oni strain W grown in 0-1 and in 1 % glucose media, streaks were made on 
0-1 and in 1 % glucose agar. In addition, transfers were made from a heavy 
suspension of decomposed filter-paper to plates with both sugar concentrations. 
IVith tlic excc()tion of the plates inoculated from the cellulose culture, in all cases 
colonics developed after 7 days’ ijicubation at 30°. On these plates two types 
of colonics could be distinguished (cf. Stanier, lM2b), one of which might be 
called a typical rough form, the other a more or less smooth form. The rods 
from the smooth colonics were rather long and swollen, those of the rough 
colonics giving a more normal picture. A cellulose medium inoculated from 
a rough colony supported a more rapid growth than a similar medium 
inoculated from a smooth colony. 

In a second experiment with the same strain streaks were made from a heav^y 
suspension of attacked filter-paper on 0-1 and 1 % glucose agar. On the latter, 
no growth occurred, but on 0*1 % glucose agar many colonies were visible 
after 5 days incubation. Here too, rough (cf, PI. 1, fig. 9) and smooth colonies 
could be distinguished, the smooth being somewhat smaller than in the first 
experiment. 

Groxvih on 7iiafWosc, fructose and xylose 

Stanier’s Sp. myxococcoides did not attack mannose, whereas the two strains 
studied by Fi\hraeus (194'7) both did so. The remaining strains H, W and 
D were now tested in this respect, and appeared to grow well on filtered 
mannose (0*1, 0*5, 1*0 %), Nevertheless, hero too there was a lag of about the 
same duration as in the experiments with glucose. 

Cultures grown in 1 % glucose medium were examined to see whether they 
would develop without dcla}’^ in a medium containing the same concentration 
of mannose. Transfers were made from young cultures of strains H and 
W grown in 1 % glucose to nutrient media with 1 % mannose and with 1 % 
glucose; the tubes were incubated at 30°. Growth was visible after 3-4 days 
in both media. 

Experiments were carried out to investigate the suitability of fructose and 
xylose as a substrate for the strains H, W and D. The strains of Sporoctjtophaga 
spp. investigated by Stanier (19426) and by Fahraeus (1947) did not grow on 
any of these sugars. However, since xylan is consumed by several strains of 
Sp. myxococcoides (Fuller & Norman, 1942, 1943) these strains might grow 
on xylose. Tubes containing 1 % filtered fructose or xylose were inoculated with 
cultures of the strains H, W and D grown on 1 % glucose. No growth occurred 
even after 23 days incubation. Control tubes containing 1 % glucose inoculated 
at the same time showed visible growth already after 3-4 days. This experi- 
ment was repeated several times with the same negative results. Hence it is 
probable that for the strains tested fructose and xylose cannot act as a 
substrate. 

Further experiments supported this view. Tubes of nutrient media provided 
%vith a strip of filter-paper and tubes which contained in addition 1 % fructose 
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or xylose 'were inoculated with a heavy suspension of attacked filter-paper. In 
the tubes without sugar the attack on the filter-paper was manifest after 2 days 
incubation; after 3 more days the strips disintegrated at the surface of the 
mc^um. In the tubes containing fnictosc or xj'lose a coloration of the fdter- 
paper became visible after 2-4 days, and da>'S later here too the paper was 
disintegrated at the surface. The nutrient medium remained pcrfcctiy clear in 
all eases. Tlicse observations seem to indicate that neither fructose nor xylose 
had been consumed; the disintegration of tlic filter-paper was, however, 
slightly delayed by the presence of these sugars. The three strains II, \V and 
D gav'e similar results. 

In another experiment we tested whether the strains could be adapted to 
growth on fructose or xylose; small pieces of filter-paper that had been 
attacked in a medium containing 1 % fnictosc or 1 % xylose failed to cause 
turbidity after transfer to nutrient media with the same concentrations of 
these sugars, whereas turbidity was visible after 4 days in analogous cultures 
in glucose media. 

Groxvth on glucose autoclaved in the titdncni tncdiwm 

Glucose in culture media is liable to decomposition by heat treatment, the 
more so in a slightly alkaline medium. The intensity of the yellowish tinge 
formed in glucose-containing media during autoclaving seems to nin parallel 
to their inhibiting action upon certain micro-organisms. In earlier, impuhlishcd 
investigations, one of us (xV. K. S.), however, observed that 01 % glucose could 
be autoclaved in the nutrient medium without any unfavoumhle effect on the 
growth of Sporocytophaga^ if the pll was not allowed to exceed 7-0 during the 
heating. Growth on such media was as good ns in media containing 0-1 % 
glucose stcrilizetl either by Scitx-liltration, or by heating in distillcil water. 
Wien, however, the pll was 7*2 or higher during autoclaving a marked 
inhibition of growth usually occurred. 

These experiments were cxtcndctl for strain U to media with 0*5 and I’0% 
glucose. A duplicate series of tubes was prepared containing either one of these 
glucose concentrations or a strip of filter-paper. In one senes the pll was 
adjusted before autoclaving to 7-0, in the other to 7'0. The tubes were 
inoculated with cultures grown on filter paper, and incubated at 30“ wltliout 
readjustment of the pH. The filter-paper in the glucosc-frcc tubes in both 
series was attacked after 8 da\*s. Thus incubation at tlie different pH values 
did not appear to influence the development of the bacteria. In tubes with 
0*5% glucose at pU 7-0 growth was visible after 12 days, whereas in those at 
pH 7*C no growth was visible even after 21 da\*s. Irrcspcetivc of the pH. there 
w’.as no growth in any of the tubes with 1*0 *'o glucose in this period. Thus in 
the sugar-containing media autoclaved at pH 7-C growth w.ns impos‘.ih!e, 
whereas for the s.amc media nuloclavwl at pH 7*0 TesuU> were comparable 
^s■ith those obtained in media to which separately stcrilizetl glucose was 
adtied. 
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The niieroscopieal appenmiice of hnctcria grown on 0-1 % glucose agar can 
be seen in PI, ] fig, 8, 

I'roni strain \V grown in 0-1 and in 1 % glucose media, streaks were made on 
()•] and in 1 % glucose agar. Iti addition, transfers were made from a heavy 
sus})cnsion of dceomj)oscd filtcr-paj)cr to ])lnlc.s with both sugar concentrations, 

ith the exception of the plates inocidntcd from the cellulose culture, in all cases 
colonics developed after 7 days’ iticubation at 80°, On these plates two types 
of colonics coidd he distinguished (cf. Sfanicr, 1012 ^ 1 ), one of which might be 
called a typical rough form, the other a more or less smooth fonn. The rods 
from the smooth colonics were rather long and swollen, those of the rough 
colonics giving a more normal picture. A Cellulose medium inoculated from 
a rough colony supported a more rapid growth than a similar medium 
inoculated from a smooth colony. 

In a second experiment with the same strain streaks were made from a heavy' 
suspension of atlnckcd rdter-pnper on 0-1 and 1 % glucose agar. On the latter, 
no growth occurred, but on 0-1 % glucose agar many' colonies were visible 
after 5 day's incubation. Here too, rough (cf. PI. 1, fig. 9) and smooth colonies 
could be distinguished, the smooth being somewhat smaller than in the first 
experiment. 

Grou'ih on mannose, fructose and xylose 

Stanier’s Sp. myxococcoidcs did not attack mannose, whereas the two strains 
studied by' Fahraeus (lOtT) both did so. The remaining strains H, W and 
D ivcrc now tested in this respect, and appeared to grow well on filtered 
mannose (O'l, 0*5, l-O %). Nevertheless, hero too there was a lag of about the 
same duration as in the experiments with glucose. 

Cultures grown in 1 % glucose medium were examined to sec whether they 
would develop without delay in a medium eontaining the same concentration 
of mannose. Transfers were made from young eultures of strains H and 
W grown in 1 % glucose to nutrient media with 1 % mannose and with 1 % 
glueose; the tubes were incubated at 30°. Grovdh was visible after 3-4 day's 
in both media. 

Experiments were carried out to investigate the suitability' of fruetose and 
xy'lose as a substrate for the strains H, W and D. The strains of Sporocyiophaga 
spp. investigated by Stanier (19426) and by' FSliraeus (1947) did not grow on 
any of these sugars. However, since xy'lan is consumed by several strains of 
Sp. myxococcoides (Fuller & Norman, 1942, 1943) these strains might grow 
on xylose. Tubes containing 1 % filtered fructose or xylose were inoculated with 
cultures of the strains H, W and D grown on 1 % glucose. No growth ocemred 
even after 23 days incubation. Control tubes containing 1 % glucose inoculated 
at the same time showed visible growth already after 8-4 days. This experi- 
ment was repeated several times with the same negative results. Hence it is 
probable that for the strains tested fructose and xylose cannot act as a 

substrate. _ 

Further experiments supported this view. Tubes of nutrient media providecl 

with a strip of filter-paper and tubes which contained in addition 1 % fructose 
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DISCUSSION 

I'jiirlier iiivcsUgnlions of one of us (G. 3^.) showed tlmf, bacteria of the ‘cyto- 
phaga’-(ype when decomposing cellulose start by hydrolysing this poly- 
saccharide so that finally glucose is the nxitrient on which these organisms 
thrive. However, all available evidence suggests that in these circumstances 
the concentration of the glucose always remains very low. In this connexion it 
is instructive that our cxjxcrimcnts Icjivc no doubt that the bacteria in question 
do not grow immcdiatcl}’ in media with relatively high glucose concentrations 
(()•;■)-] •()%). Evidently the presence of glucose in these concentrations 
initially paralyses the normal mclabolism, for if cellulose is. simultaneously 
present it is not attacked either, during the lag period. Apparently a certain 
adaptation is necessary before normal metabolism becomes possible again. 
Then glucose is attacked preferentially, and the cellulose breakdown starts 
only when the greater jiart of the glucose has been consumed. 

These results are at variance with the observations of .Stanicr, who reported 
that his strains of Sporoq/lophaga myxococcoidcs grew readily in media with 
a glucose concentration of 0-5 % or even much higher. At present no explana- 
tion can be ofl’crcd for this contrast, and we can only assume a specific dilTerence 
between his strains and ours, 

Tlie authors wish to acknowledge their indebtedness to Prof, A, J. Klujwcr for his 
interest and advice in the preparation of this paper. 
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EXPLANATION OF PLATE 

Fig. 1. Sporoq/tophaga nii/xocoecoute^t stmm IL Grown on filler*iinpcr; 5 days old; slnincd 
with Ilueher's methyl violet stain for 20 min.; x800. 

Fig. 2. Idem, strain W\ 

Fig. 0. Idem, strain D. 

Fig. 4. Strain II in 1 % glucose medium. PcIUcIe of h.'icteria at the surface of the mc<litun 
and bacterial sediment at the bottom. Incubation period from left to right: 2S, 18 and 
11 days. 

Fig. 5. Strain H grown in 1 % glucose medium; 5 day.s old; Iluokcr’s methyl violet stain; 
x800. 

Fig. 0. Colonics of strain II on 1% glucose •agar. Inoculated from liquid ntctliiim with 
1 % glucose; 12 days old. Diameter plate 8 cm. 

Fig. 7. Colony of strain II on 0-l% glucose agar. Inoculated from cellulose culture; 
7 days old; x 12. 

Fig. 8. Strain II grown on 0-t% glucose agar. Inoculated from cellulose culture; 8 ilays 
old; x80n. 

Fig. 9. Rough colony of strain W on 0-1 % glucose agar. Inocuhatcd from cellulose culture; 
Tdaj’sold; x 12. 


{Received 23 ^lugitst 1048) 
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The Relationship between Micro-organisms and Soil 

Aggregation 

I3v R. J. SWABY 

Dcparlmcut of Soil iMicrobiologi/, Itotlinmslcd Experimental Station, 

JJarpenden, Herts 

SUMMARY: The physical condition of soil is improved by adding readily decom- 
posable organic malcrial. Microbial cells and melabolic products affect soil structure 
by binding loose soil particles into ■water-stable aggregates. 

Experimcntallj’, the relative aggregating power of pure cultures of miero-organisms 
was as follows; fungi >actinomycetcs and a few gum-forming bacteria > many gum- 
jiroducing bacteria > yeasts, proactinomycctes, and many bacteria; the last three 
groups did not improve aggregation. Fungal hyphae entangled soil particles into 
stable aggregates ; weaker cnirnbs were formed by the frailer threads of actinomycetes. 
A few bacterial strains produced gums capable of glueing soil into water-stable 
aggregates, but the majoritj' of bacterial slimes were almost useless because they 
remained water-soluble after drying. The cementing properties of these gums was 
not improved bj' treatment with H or Ca ions. Bacterial gums stabilized the 
aggregates produced from completely dispersed soils and kaolin, but not those 
formed with bentonite or ferric lij’droxide. The pH value of the soil plaj^ed a verj- 
minor part in influencing the aggregation produced bj' pure cultures of micro- 
organisms or even by soil inoculum. 

Mixed cultures of fungi or of actinomycetes gave slightly better aggregation than 
pure cultures, but neither capsulatcd nor non-capsulated bacteria in mixtures gave 
better results than single strains. More complex mixtures containing fungi, actino- 
mycetes and bacteria gave good aggregation when all micro-organisms were com- 
patible, but jioor results Avhen antagonistic bacteria inhibited the grou'th of either 
fungi or actinomycetes. The fair aggregation obtained with soil inoculum was 
reproduced in the laboratorj- by inoculating sterilized soil with complex mixtures of 
micro-organisms. 

A study was made of the relative merits of glucose, starch, blood, yeast, fungal 
mycelium, straw, clover and farmyard manure for encouraging aggregation by 
mixtures of fungi, actinomycetes and bacteria. 

Aggregates bound by mycclia did not last long because the hyphae were decom- 
posed by bacteria. The temporary improvement of soil structure after the addition 
of organic materials can be partly explained bj'^ the action of microbes, but the 
permanent crumb structure of many soils must be due mainly to other causes. 

Many of the older countries of the world have succeeded in maintaining large 
populations only bj’’ conserving the physical condition of the soil with rotational 
cropi>ing or alternate husbandry. It has long been known that the maintenance 
of soil friability depends on periodically supplying readily decomposable 
organic matter, and that ley farming methods are not only profitable, but 
improve the structure of all types of soil. Ley farming might be adopted 
more readily if more were knoAvn of the mechanism wherebj" soil crumbs are 
restored by grass roots and other organic materials. The task of combating 
erosion is closely linked with the problem of restoring the crumb structme of 
soil. This paper deals with some aspects of the role of micro-organisms and 
organic matter in improving the aggregation of soil. 
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The biological factors influencing soil structure have been reviewed in 
a recent publication of the Commonwealth Bureau of Soil Science (1018). 
Geltser (1930, 1937, 1943) found that readily decomposable organic materials 
temporarily improved the crumb stniclurc of soils, wlicrcas materials more 
resistant to decomposition were less beneficial. She considered that stable 
aggregates were formed only after fungal lij^phac liad been replaced by 
bacteria, which in turn were lysed and formed organic cements. Martin (1945) 
inoculated sterilized soil containing sucrose with pure cultures of fungi, 
actinomycetes and bacteria and found that the hj^phac of Cladosporium spp. 
and gum from SaciUus suhiiUs greatly increased aggregation, but that nctino- 
mycetes and other bacteria were less effective. Subsequently Martin (19 tC) 
isolated polysaccharides from several bacteria, including fmclosaus from 
Bacillus subtilis and Azotobaclcr indicum and dc.vtrans from Lcuconosioc dextra- 
711CUS and two unidentified strains, and found them to be better crumb cements 
than casein or lignin. These polysaccharides were slowly decomposed by several 
micro-organisms. In pure culture studies McCalla (1945, 19 IG) classified the 
aggregating power of soil micro-organisms ns follows: fungi and a few gum- 
forming bacteria > actinomycetes > yeasts > most bacteria. 

Most workers have tried to interpret field phenomena by experiments with 
pure cultures of micro-organisms, often specially selected because they 
possessed good aggregating properties. Little account was taken of the fact 
that the soil contains numerous organisms all competing with one nnollicr; ami 
no attempt was made to estimate the relative proportion of micro-organisms 
beneficial, useless and harmful to aggregation, tlmt arc present in soil after the 
addition of organic materials. 

EXPEUIMENTAL METHODS 

Micro-organisms. Throughout the text the micro-organi«:ms arc designated 
by a prefixed letter and a number. Thus B stnmls for a hnctcrinm, A for an 
actinomycctc, and F for a fungus. The reference number, name, a brief 
description and place of origin of the cultures most commonly used arc ns 
follows. 

B2 Bacillus inycoides; Ilayw.anls Heath. 

BS Micrococcus sp., Gram-jiositivc, white mucoid colony; Haywnnh 
Heath. 

B35 Aerobacter sp., slimy colony; Uolliamstcil. 

B45 Aebromobacter sp., Gram-negative, gummy colony; Haywards Hc.alh. 

B50 Sarcinn sp., Gram-}>ositiYC, yellow waxy colony; llothnmstwl. 

BCS Achromohadcr sp., Gram-negative, gummy colony; llotlsamstod- 

B91 Bacillus sp., rubbciy* colony; Bolhnmstctl. 

BlCi) l^scudomonas Jluorcscens, non-mucoid colony; London brick earth. 

B1C9 Bacillus polymyxa, gelatinous colony; from Prof. Ivluyver, Delft. 

A3 Actinomyces sp., while powdciy colony; Ha>.nvnnls Heath. 

AlC Actinomyces coriirofor, puqdc colony; Uotlmmslcd. 

A20 Micromonospora sp., bromi gelatinous colony; Haywards Hcat/u 
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F7 Absidia glauca-, ILiywards Henth. 

F27 Aspergillus nidulaus; London brick cnrlh. 

F51 Tricliodenna lignorum; Rotlmnistcd. 

Most, of the work was carried out witli llircc Englisii soils: ( 1 ) Rothamsted 
allotment grey clay loam, of j)II Gd); ( 2 ) Haywards Heath liglit, grey-brown, 
sandy loam, ])odsol of ])H 4-7; ( 8 ) Woburn light brown, sandy loam, podsol, 
limed to j)!! G-7. 

Production of microbial gums. Ibictcria and fungi were cultivated for 20 days 
at 25° in shallow layers of the following medium: 20 g. glucose, 5 g, peptone, 
2 g. NII.NOj, 0-5 g. KJIPO,, 0-25 g. MgS0,7H„0, 0-1 g. CaCL, 10 ml. soil 
extract, made up to 1 1. with distilled water. The bacterial cells were removed 
by centrifugation and the fungal hyphne by filtration. Bacterial gums were 
precipitated from the resulting fluid by .3 volumes of ethanol, collected on 
a Buchner filter, washed with ethanol, dispersed in water and dialysed to 
remove salts. Proteins were removed by repeatedly shaking with chloroform 
and the gums rcprccipiUited with 3 volumes of ethanol, washed with ethanol 
and dried at room temperature. 

Crude fungal gums were prepared by fragmenting the fungal hj^phae in 
a Waring Blendor, treating them with sodium carbonate and trypsin overnight 
to digest proteins and boiling the residue left after filtration with 0-1 x-NaOH. 
The gums were precipitated by freezing, washed with water then ethanol and 
dried at room temperature. 

Cultivation of micro-organisms in soil. The soils were air-dried, erushed, 
passed through a 2 mm. sieve and 50 g. lots weighed into large test-tubes, 

7 in. long and 1 | in. diameter. It was found that a 2 mm. fraetion gave better 
results than a 1 mm. fraction because better aeration was obtained. After 
plugging, the tubes of soil were dry sterilized for at least 4 hr. at 150°. Insoluble 
foodstuffs, such as oat-straw and dried blood, were ground and 0-5 % mixed 
with the soil before heat sterilization. Soluble nutrients, such as glucose, 
peiJtone and salts, were dissolved in sufficient water to bring the 50 g. of soil 
to a water content just up to field capacity. These solutions were tubed and 
autoclaved separately. The sterile soils were inoculated by adding a loopful of 
micro-organisms first to the tube of sterile nutrient solution, mixing thoroughly, 
and i^ouring the contents aseptically into the tube of soil. Ultimatelj"^ the soil 
contained 0-5 % sugar, 0-036 % peptone or 0-014 % NH 4 NO 3 , 0-01 % K 2 HPO 4 , 
0-005% CaCl, and 0-005% MgS 04 . In all experiments tubes were prepared 
in trii^licate for each treatment so that for all standard errors quoted n = 2 . Tlie 
tubes were incubated at 25° and losses due to evaporation restored by adding 
sterile water at intervals of api 3 roximately 20 days. At the end of incubation 
the plugs were removed, and the soils were dried in an oven for 48 hr. at 50°. 
After this they could be stored without deterioration until aggregate analyses 
were carried out. 

Aggregate analysis of soils. At first the soils were analysed both for micro- 
aggregates and for macro-aggregates, but when it was found that the results 
were parallel, only the macro-aggregates were estimated. Usually 50 g. of soil 
were used for each determination. Soils that had become compacted during 
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incubation were gently broken by hand into lumps of abotit 1*3 cm. Then, 
instead of allowing the moisture gradually to soak through by capiUnrity, 
a more vigorous action w'as obtained by flooding the lumps or crumbs of soil 
in a Petri dish, where they were soaked for 24 hr. This relatively long period 
of soaking w’as chosen to give closer approximation to field conditions, wlicre 
soils arc often moist for weeks on end. It was found that manj* bacterial gums 
were not fully hydrated after only a few houi^ soaking, so that a false value for 
their cementing power was obtained unless they were soaked for 24 lir. 

Micro-aggregates were determined by transferring the wet soil to a measuring 
cylinder, filling up to the 1 1. level, shaking end over end 20 times, llo.aling 
a Bouyoucos hydrometer in the suspension, and reading after 30 see. settling. 
A temperature correction Avas made and tliis gave the amount of suspended 
non-aggregated material <0*07 ram. in diameter, from which the weight of 
micro-aggregates and sand >0*07 mm. in diameter was found by difference. 
Allowance was made for the sand >0 07mnu by determining the amount 
present after completely dispersing the soil by shaking overnight with sodium 
oxalate solution. 

Macro-aggregates > 1 mm. in diameter were determined by transferring the 
soaked soil to a sieve with 1 mm. holes and hand-sieving under water until all 
fine particles had passed tlirougli. This usually required sixteen to twenty 
strokes. The aggregates and sand retained on the sieve were dried at 50® and 
weighed. In a»iy one experiment the amount of sand was considered to ho 
constant, so no deduction was made. 


EXPERI.MENTAL RESULTS 

Myers &. McCalla (1941) counted the number of micro-organisms In soil 
contiiining sucrose and found that maximum aggregation occurrctl after the 
bacterial population hud rcachc<l its peak. They concluded that bacterial 
products, rather than cells, were responsible for aggregation. 

Aggregate fonnatiou in unsterilizfd $oiL A lest for correlation between the 
bacterial and fungal population and the degree of aggregation w.as made as 
follows. Two 5 kg. samples of ILmvards Heath soil in glass poLs uerc Irciitcd 
respectively with 0*5% dried blood and 0-5% soluble starch, anti one sample 
was Aintreatcd. The pots were moistened to field capacity with n rnincTal 
solution containing soil inoculum, and incubalctl at 25". .-Vt intcn'als over 
a period of 80 days, micro- and macro-.aggregntion was estimated, and at the 
same lime dilution plate counts of fungi were made on acid glucose peptone 
agar, and of bacteria and nctinomyectcs on peptone soil-extract agar. The pH 
was determined on all soil samples. On two occasions the bnctcrinl miml>crs 
and fungal lengths were det'ennined by the Jones A Mollison (1918) direct 
microscopic method. 

The percentages of micro-aggrrg.itcs almost paralleled the percentages t»f 
macro-aggregates throughout the A\ho!c period of incubation (fig. I). Roth 
the control and the blood treatment protluml an initial dccrcavc in the nmoimt 
of aggregrilion. After S days tlie perccnlngc aggre^tion of (mtrcate<i soil 



242 


R. J. Swahy 

ihc degree of nggregnlion and the produetion of mueoid eolonies on agar, eell 
morphology or the Gram-reaetion. The best aggregator from Haywards Heath 
soil was B'15, whieh produeed l.'5-02 g, crumbs/50 g, soil, while the best from 
Rothamsled was B G8, which produced 14-80 g. crumb/50 g. soil. Both organisms 
were species of Achromohacter that produced very gummy colonies. Many 
other strains also produced gums which bound the soils when dry oraftcra short 
period of soaking, but after 24 hr. in water most of these gums redispersed and 
the aggregates were .slaked. 

Table 1. Chnraclcrs of some soil haclcria as related to their ability to 
aggregate soil in pure culture 

No. of .slniins having the charactcr.s shown 

- - A 

f \ 

Consistency of Cell grouping 



Mc.-in Avcipht 


colonics on agar 

of bacteria 

Gram .stain 


of npprepatc.s 

I'otal 



A. 


A 



/ 


t 


1 

\ 


> 1 Him. /SO g. 

no. of 


Non- 


.Single 



Agprepalion 

soil (g.) 

strains 

Mucoid 

inucoid 

Chains 

cells 

■f 

- 

I'^nir 

m-lfl 

22 

10 

12 

2 

20 

8 

14 

Poor 

10-13 

25 

21 

4 

2 

23 

10 

15 

None 

7-10 

28 

12 

1C 

10 

18 

10 

12 


Totals 

75 

43 

32 

14 

01 

34 

41 


Table 2. Influence of actinomycctcs, proactinonnjeetes and 


Type of 
micro-organism 

yeasts on soil aggregation 

Alcan Avcight of 
aggregates 

Aggregation > 1 mni./50 g. soil 

No. of 
strains 

Actinomycctcs 

Good 

21-29 

7 

Actinomycctcs 

Fair 

13-21 

12 

Actinomycctcs 

Poor 

10-13 

2 

Proactinomycetes 

None 

7-10 

5 

Yeasts 

None 

7-10 

5 


Subsequently many other bacterial strains from various sources were tested 
and only two gave better results than B45 and B68, viz. Bacillus subfilis 
(Geoghegan’s strain) and B. polymyxa (B109). The aggregating powers of 
actinomycetes, proactinomycetes and yeasts are summarized in Table 2. 

Usually actinomycetes were found to be better aggregators than bacteria, 
but proactinomycetes 'and yeasts did not cement the soil at all. Seven 
vigorously growing actinomycetes gave good aggregation (21-29 g.), twelve of 
them produced fairly stable crumbs (13-21 g.), while two species of Micro- 
monospora formed only a few stable aggregates (10-13 g.). It was observed 
that strains which produced numerous waxy spores prevented the soil from 
being properly wetted so that amyl alcohol had to be added to the Avater. The 
best aggregator Avas strain A3 (28-46 g.) Avhich also inhibited Avetting of the 
soil A\-ith Avater. Many other actinomycetes from other soils Avere tested and 
the majority gave good to fair aggregation. Table 3 classifies the fungi according 
to their infiuence on soil aggregation and to the type of mycelium produced 
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on glucose peptone agar. In general pure cultures of fungi produced far better 
^aggregation than all other micro-organisms tested. The best strains were 
vigorous growers, producing woolly myecHa on both soil and agar, c.g. species 
of Absidia, Mucor, Ithizopus, Chaetomium, Fusariwn and Aspergillus. Slightly 
poorer results were obtained by slower growing strains whicli gave a more 
prostrate grow’th on soil or agar, c.g. some species oi PeniciUium, Cladosporhwi, 
Alicrnaria and Jthizoctonia. Fair aggregation only was obtained by xi very 


Table 8. Itijluence of fungi on soil aggregaiwn 



5Ican eight 


Gros'th 

on agar 


of aggregates 

Total 

(no. of stniins) 


>1 mm./30g. 

no. of 



Aggregation 

soil (g.) 

strains 

IVooUy 

Prostnitc 

Excellent 

37-13 

21 

18 

3 

Verj’ good 

20-37 

15 

10 

5 

Good 

21-29 

11 

3 

8 

Fair 

13-21 

3 

0 

3 


Totals 

50 

31 

ID 


slow-growing unidentified fungus and by Oospora Inciis and a ^^onilia sp. 
whose hyphac tended to break up into fragmciils. Again it was observ ed that 
vigorous sporers like pcnicillia and aspcrgilli impeded wetting of the soil. The 
best aggregator isolated from ^aJ'^vn^ds Heath soil was Absidia glaucn (F7) 
(44‘C2 g,), but similar strains were isolatcxl subsequently from many other 
types of soil. 

It was rather surj)rising that most bacteria were less cITcctivc than nclino- 
mycetes or fungi, since other workers Imd found that bacterial gums were vcni* 
effective in glueing soils into wnter*stablc crumbs. In most cases tlicso workers 
carried out aggregate analysis after wetting the soils for a sliortcr time than 
the 24 hr, needed to dissolve watcr-sohiblc gums; ami they used specially 
selected strains of bacteria without stating whctlicr they were abundant in 
field soils. Before dismissing bacteria as iinim])ortnnt aggregators of soil 
cnriclicd svith organic materials, some further experiments were carried out to 
find whether the addition of liquid cultures to soil gave better results than 
growing the bacteria in siiu. 

Aggregation by bacterial liquid cultures 

Previously the bacterial strains had been divided according to their ability 
to produce fair, poor, or no aggrcgxilion, and for the present c-xpcrimcnl eight 
strains were selected from each of the three grouj)s. They were grown for 
20 days at 25® in shallow liquid mexlium containing 2 0% glueow, 0-5% 
peptone and the usual salts, shaken and their turbidity and viscosity eslirn»te<l. 
Samples (15 ml.) were mi.xxxl with50g. ofllotlwimstcdallotnirnt soil ( < 1 inui.) 
and after drs'ing at 50® macro-aggrcgalc anah’ses were c.'irried out in the usn.al 
wav. During soaking it w.as noticed Uiat some of the trcntcxl soiK uettetl 
slowly, while others wcltctl readily. Table 4 classiruti the b.acteria ncrortUng 
to their aggregating power, their influence on the wettability of soil, and tlie 
liu-bidity and viscosity of the cultures in the liquid medium. 
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13*15 prochicccl no stable aggregates at pH 8-5, but fairly stable erumbs at all 
other values; 1385 did not grow at pH 8*5, and B85 and 339] produced little 
or no aggregation at any reaction; and finally B20 failed to grow at pH 3-5, 
and B 50 and B 3 08 formed no stable crumbs throughout the entire pH range. 
In contrast to the poor performance of bacteria, A 8 formed fairly stable 
erumbs equally well at all pH values between 4-7 and 8-5, but was killed by 
pH 8*5. The fungi F7 and F27 were checked a little at the extreme acid values, 
but produced very good aggregation at most other pH values. Soil inoculum 
gave results intermediate between the actinomycetc and the fungi. Soil pH did 
not alTcct the aggregation of sterile soil. The aggregation of uninoculated soil 
receiving sterile glucose, peptone and salts was no different from that receiving 
sterile water only. 

Evidently the pH value plaj's a very minor part in influencing the aggrega- 
tion produced by pure cultures of micro-organisms or even by soil inoculum. 
This is in agreement with field experience, wliere the addition of readily de- 
composable organic matter improves the structure of all soil types irrespective 
of pH value. It is realized, however, that some organisms may be dominant 
at one pH and other types at another pH; but the resultant effect on structure 
is much the same. 

Tests with pure cultures can hardly be expected to elucidate effects obtained 
in the field, so experiments were made with mixed cultures of micro- 
organisms. 

Aggregation of soil by mixed cultures 

Two bacteria (B4o and B1G9), two actinomycetes (A3 and A 16) and two 
fungi (F7 and F27) were added singly and in combinations of two, tluree and 
six organisms into 50 g. of sterilized Rothanisted allotment soil ( < 2 mm.), 
together with 0-5% of glucose, 0-036% of peptone and minerals; sterile soil 
and soil inoculum wei'e also included in the treatments. After 3 weeks at 25° 
the soil aggregates were analysed. 

As already observed, pure cultures of the fungi gave very good aggregation, 
the actinomycetes produced good aggregation, while single cultures of bacteria 
formed only a fair weight of crumbs. Pairs of fungi or actinomycetes produced 
significantly more aggregates than single organisms, possibly because they 
mutually assisted one another; but the pair of bacteria was no better than 
strain B 169 alone. When a fungus or an actinomycetc was grown in association 
with a bacterium, there was a small increase in aggregation which in some 
combinations attained significance. Possibly the bacterial gums were prevented 
by the network of hyphae from diffusing into the water during soaking of the 
soil. There was also a small but insignificant increase in effect in mixtures of 
a fungus with an actinomycetc. 

Mixed cultures of three micro-organisms consisting of a pair of bacteria, of 
actinomycetes or of fungi together with a third organism sometimes produced 
a significant improvement as compared with the same pair or the same three 
components growing separately. Mixtures containing fungi always produced 
more aggregates than mixed cultures containing only actinomycetes and 

bacteria. 
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Tlie cITccts of a bacterium, an actinomyccte and a fungus alone, juul of 
mixtures of these organisms are shown in PI. 1, fig. 1. 

The best aggregation of all was obtained when all six organisms were grown 
together. In view of this fact it was rather surprising to find that soil inoculun), 
containing numerous microbial t5’pes» formed much fewer aggregates. 


Injluence of inhibitory bacteria on soil aggregation 
TIic unexplained behaviour of soil inoculum stimulated further investigation 
of tlie compatibility of mixtures of other microbial strains. Hactcria capable 
of inhibiting the growth of fungi and actinoniycetes growing on agar were 
easily found, and it was suspected that the anomalous behaviour of soil 
inoculummightbedue to the prcsenceofsuchbacterialantagonists. Accordingly, 
an experiment W’as conducted to find whcthcrinhibitorj* bacteria could prevent 
the formation of aggregates by fungi and nctinomycctcs. 

Two bacteria, B8 and B1C3, antagonistic to the growth of F7 and AS, were 
inoculated singly and in combinations into the usual amo\mt of sterile Uotham- 
sted soil enriched with glucose, peptone and minerals. After 20 days at 25“ 
the soils were analysed by wet sieving; the figures arc given in Table 8. 


Table 8. Injluence of inhibitory bacteria on aggregation 
of soil by aciinomyccies and fungi 


MlcrO'O^nUtns u^c<! 

ns 

uioa 

A3 

FT 


Mean weight of 
aggregates 
>l tnm./50 g. soli 
(P) 


0*5Si0-7J 
8-32 + M2 

10-08 ±0- to 

3G*27±MC 


ns + nica 
ns+Aa 
I18 + F7 
inca+AO 
niC3 + F7 
A3 + F7 


8-IOiO-27 
I1I0 + 020 
J38i±l-T0 
10 75 iO to 
15 17+130 
30-05 ±0 01 


118 + A3 + FT 21 20±0-.TJ 

n 103 + A3 + FT 20-78 + M2 


n8 + in03 + A3 + FT 18-03 + 0-74 


ilnil inoctiluni 2l*5t±0-l0 


Sterile 


RTr±0-U 


1!8 nnd 13103, singly, did not significantly improve soil structure. 

On the other hnnd, A3 in pure eulUtres produced gornl nggregation, FT nUo 
gnvc c\ccllcnt results, nnd the pnir logcllier gave the hrsl elTect of nil. The 
presence, in mixtures, of the inhihiting hnctcria 118 nnd II 103, nhether com- 
binerl with one or two other orgnnisms, nlw.-i\-x dcercnscil the nggregutinn. Tliis 
is seen in PI. I, lig. - uhieh shows the clTcel of growing 1)103, A3 nnd FT in 
vnnous combinations. 


ewins 
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Such inhibilioii win hardly he explained by competition for food because 
free glucose was often found at the end of the experiment. It seems more 
likely that it was due to the production by the bacteria of antibiotic sub- 
stances which hindered the growth of the fungus and the actinomycetes. 
This suggested imitating the cfTcct of soil inoculum on aggregation by using 
very complex mixtures of bacteria, actinomycetes and fungi, some of which 
were perfectly compatible and others auLagonistic. By using selected micro- 
organisms it was possible to use not only glucose as foodstuff but also more 
comjilcx materials such as plant and animal products. It was hoped that this 
would lead to a better understanding of the improvement in soil structures 
obtained when croj) residues, green manure crops, or ley pastures were 
ploughed in. 


Influence of mixed cultures and com^ilcx organic 
materials on aggregation 

Various organic materials (0-5 %) were added to soil. As examples of readily 
available carbohydrates, glucose and soluble starch were used in conjunction 
with O'OSG % of peptone and minerals. Blood was tried as a readily decom- 
posable protein. Oat-straw, with a low nitrogen content and a moderately 
high percentage of lignin, was added as an example of a tj^ieal erop residue. 
Red clover with a fair nitrogen content was used as representing a common 
green manure crop. The nitrogen supply was augmented by adding 0-014 % of 
NH4NO3. Rotted farmyard manure was included as a material that had 
become humified through composting. It is probable that dead bacterial and 
fungal cells serve as nutrients for other soil micro-organisms ; so killed and dried 
yeast cells and mycelium of Aspergillus niger were included in the trial. Each 
of these organic materials was tested in Rothamsted clay loam, and glucose, 
straw and clover were also tested in Woburn sandy loam. Soils with each 
added material were divided into sets inoculated respectivelj'^ with twent 3 ’^-two 
fungal, thirty-three actinomj’^cete and sixty-six bacterial strains and with 
a mixture of the above 121 strains. A set with soil inoculum and a sterile 
control were also included. All inocula contained micro-organisms capable of 
decomposing cellulose, chitin, starch, pectin, agar, lignin, resins, fats, proteins 
and sugars. Soil inoculum was included for comparison. IMacro-aggregate 
analyses were carried out after 3, 6 and 9 weeks at 25 . 

In comparable treatments the heavier textured Rothamsted soil aggregated 
better than the light soil from Woburn, especially with oat-straw and red clover. 
Apart from this difference the various inocula and organic materials behaved 
similarb^ ni both soil types. The mean aggregating influence of different groups 
of oro. utilizing the same foodstuffs ran in the following order : fungi > soil 

inocul: I -p actinomycetes -f bacteria > actinomycetes > bacteria > none. 

•„ j., , .+ soil inoculum could be closely imitated by using a complex 

containing numerous fungi, actinomycetes and bacteria, 
compatible and others incompatible. In Rothamsted soil 
the organic m^ j varied greatly with the inoculum 
• In Wob ; superior effect of the readily 
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available glucose "Nvas striking. PI, 2, fig. 3 shows the influence of the various 
inocula on Rothamsted soil supplied with glucose. 

Prc\ious workers have found that soil structure was restored more rapidly 
by readily decomposable materials than by resistant materials; this finding is 
supported by the good elTccts of glucose, yeast and starch. It appears that 
good crumb structure can be achieved onl 3 * when maximuin microbial activitj' 
is promoted bj' a plentiful supply* of casilj- digested food, especially materials 
which encourage fungi, nctinomj'cctcs and gum-forming bacteria. 


Disaggregation of soil stabilized by fungal hyphac 

An experiment was designed to find which organisms caused disaggregation 
of a soil that had been mcchnnicallj' stabilized bj' fungal hyphac. 

Fiftj’ portions of Rothamsted allotment soil (<2mm,) were sterilized in 
percolation funnels plugged at the bottom with glass wool and on the top with 
cotton wool. A sufficient volume of medium containing spores of the fungi, 
F7 or F27, was added to bring the soil moisture to field capacity and to 
provide 0*5% of glucose, 0 014% of NII^NOa and the usual minerals. The 
fungi were allowed to grow for 8 weeks at 25® until they had stabilized all the 
soil aggregates and the residual soluble metabolites and products were then 
leached out nscptically with Iloagland & Anion’s complete nutrient medium 
slcrilizedand diluted. Some of the tubes of soil were autoclaved to kill the fungi, 
while others were left unheated. Six sets were then inoculated respectively* with 
mixtures containing ten different fungi, ten strains of nctinomycctes, seven, 
fifteen and thirty of selected bacteria and soil inoculum. A sterile control was 
also included. TIic mixtures of fungi, actinomycctcs and Iwictcria had pre- 
viously been tested for ability to grow in a shallow liquid medium containing 
only' sterilized fungal fragments and minerals. The bacterial inocula contained 
organisms capable of digesting a wide variety* of substances including cellulose, 
chitiii, agar, starch, sugars, resins, butter-fat and proteins. The inoculum 
containing seven bacteria included two Cytophaga spj). Pseudomonas Jluorcscens, 
Bacillus inycoides, an Achromobacicr sp., and two unidentified strains capable 
of digesting agar and butter-fat. Inocula comprising fifteen and thirty strains 
included tlicsc seven strains together witli various isolates from soil previously 
enriched witli dead fungal fragments. Macro-aggregate analy’scs were carried 
out at intciwals over a period of 8 weeks. 

Under sterile conditions dead hyphac of F27 continuetl to hind the soil 
together throxighout the cxpcrimcntnl pcriml. Growth from the inoculum 
containing the ten fungi caused no loss of structure during the period of the 
experiment, probably' because dead fungal threads were rcplacctl hy living 
Iwphac, so that the soil remained aggregated. With the ten actinomycetes, 
however, aggregation dcclincti, prob.ably because the fungal mycclia were 
replaced by* weaker threads of nctinomycrlcs. Treatment with seven bacterial 
strains and soil inoculum causctl a mnrkc<I deterioration of structure even 
after 2 weeks at 25*. This elTcct w.as acrcnltialctl when fifteen and thirty bacterial 
strains were used. Esidcntly the products of bacterial dccomjKJsition of the 
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iuiigus 2/ were not as eflectivc in aggregating the soil as the original fungal 
hyjjhae. PI. 2, fig. shows the effect of the various inoeula on soil aggregates 
originally stabilized by F27. Similar results were obtained with living hyphae 
of F27, but here the treatments gave smaller losses in aggregation than with 
dead hyjdiae. In eonlrast to the residts from fungus F27, the other soil 
slabilizing fungus F7 proved to be very resistant to bacterial attack. Fungi 
and actiT)omycctcs certainly grew on the dead mycelium of F7, but as before, 
only f lic actinomycetes caused any disaggregation. Microscopic e.vamination of 
the soil inoculated with numerous bacteria showed that they were growing but 
were not decomposing the cell walls of the hyphae of F7, so that soil aggrega- 
tion remained practically unchanged over a period of 8 weeks. Similarly, soil 
inoculum caused no disaggregation until after G weeks’ incubation. 


Esihnated influence of micro-organisms on aggregation of field soil 

An attempt was made to calculate the amount of macro-aggregation that 
might be attributed to fungal hyphae and to gum-forming bacteria in Rotham- 
sted allotment soil that had been cultivated for many years. 

Pure cultures of Absidia glauca (F7) and Aspergillus nidulans (F27), growing 
in sterilized Rothamsted soil enriched with glucose, formed 242 and 374 m. of 
hyphac/g. of soil ns determined by the method of Jones & Mollison (1948) and 
they entangled 9G'5 and 80*3 % respectively of the soil into stable aggregates. 
The length of fungal hyphae, found in fresh Rothamsted allotment soil was 
38'8 m./g. The length of hyphae should thus aggregate 15'5 % of the soil, if 
they behaved like species r7 and 8*4% if like species F27. The fresh soil 
actually contained 38 % of aggregates, an appreciable fraction of which might 
hence be attributed to the elTect of fungi. 

A connexion between fungal mycelium and aggregation is also shown in the 
data previously quoted from Hay^vards Heath soil incubated for 17 days 
with the addition respectively of blood, starch and untreated. Here the 
percentage of macro-aggregates {a), though very different with the various 
treatments, yet shows a regular relationship to the lengths of mycelium {m ) in 
which a = 0-3m-\-K, where K is a constant of value 9-5 %. This is shown in the 
following figures. 

Percentage aggregation a 


Tre.-itment 

711 

f 

Calculated 

Found 

Untreated 

25-8 

17-2 

17-0 

Blood 

49-5 

24-3 

22*2 

Starch 

90-2 

38-4 

39-0 


The estimate of aggregation attributable to slimy bacteria was based on 
a test with strain B 45 and thus assumes this strain- to be representative. It 
also assumes that the proportion of slimy bacteria was the same in the natural 
field soil as it was amongst plate colonies derived from a suspension of that soil. 

On these assumptions the glueing power of the native bacteria accotmts for 
only about 2 % of aggregation out of a total of 38-p % in the field soil. On these 
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calculations the combined effect attributable to mycelial threads and to 
bacterial gums can account for less than half of the macro-aggregates found in 
fresh Rothamsted soil. While it is true tliat microbial threads and gumscouhl 
largely account for the increased temporar}' aggregation of soils supplictl with 
rciidily decomposable organic matter, it is evident that weisting fungal and 
actinomyccte hyphae plus capsulated bacteria cannot account for the aggrega- 
tion of natural Rothamsted soil to whielt fermentable material has not recently 
been added. One must thus conclude that the formation of more permanent 
crumbs found in certain soils must be due to other cementing substances, 
e.g. colloidal clay, humus or resistant gums produced by micro-organisms no 
longer visible. 

Tlic author wshes to express his gratitude to the Sir Denjamin Fuller Travelling 
Scholarship Trust for making this research possible and his sincere thanks to 
Dr H. G. Thornton, F.R.S., for helpful suggestions and crilicisin. Thanks arc also 
due to Miss Mabel Dunklcy for preparing the UiKscripL and to the Icchnicnl slafT 
of the Department of Soil Microbiology for XTiUiablc assistance. 
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J5XPLANATJ0N OF I’LATES 

l*l,ATJv 1 

Fig. 1. Influence of pure mul mixed cultures of inicro-orgiinisms on nggregation. Tiic 
bacterium was IMS, the aclinomyeetc, Aa, and tlic fungus, F7. 

Fig. 2. Influence of infiibiting bacterium ijioa on aggregation by nctinomyccte A3 and 
fungus F7. 

I’i.atj: 2 

l*'ig. a. Influence on mixed inoeula on aggregation of .soil enriched with glucose. 

Fig. 4. ;’Microl)ial disaggregatioji of soil previously stabilized by Iiyphiw of fiingiss F27. 
1, sterile; 2, ten strains of fungi; .'i, ten .strains of actinomycctcs; 4, seven strains of 
bacteria: S, fifteen strains of bacteria; 0, thirtj' strains of bacteria. 


(Received 1 September 1948) 


Journal of General Microbiologi/t Vol. A’o. 2 



1 



6inirlun4 

Aol"e»"y<«« 



Anlnof*')rttt« 



w 



Binertum * 
furi'jj 


Acxl»»myc*»* + 



Hsj. a 


U. SwMiY — Micno.oiui\Nj'»M‘. ,\m» ••oii. Aoour.t* vtion. l*i.\Tr. 1 






255 


The Lecithinase of Bacillus cereus and its Comparison 
with Clostridium tvelchii o-toxin 

H. P. CIIU 

Institute of Animal Palhologijt VniversiUj of Camhtiil^e 

SU>DIAIIY : Bacillus cereus and B. mycoides produce lecitlunnscs which split lecithin 
into phosphorjicholine and a diglyceridc in the same way as the lecithinase (a-toxin) 
of Clostridium icelchii. These enzymes also possess most of the biological activities 
associated wth Cl. icelchii a:<toxin, c.g. produce tlic Xoglcr reaction and tlic cgg*yolk 
reaction, lyse red blood cells, and are dermonecrotizing and JcUinl. 

Tlie cnzjTnes arc ncti\Tited by Ca and Mg ions, but inhibited by No, K, NH, ferric 
and A1 ions. Optimal enzyme activity requites the presence of Ca ions williin n 
narrow range of concentration of It is interesting that at this con- 

centration of Ca ion lecithin flocculates most readily froni its emulsion. The cnzvTnc 
thus seems to have a maximal afTinity for lecithin when the latter adsorbs an optimal 
amount of Ca ion in reaching its isoelectric point. 

Like the Cl. icelchii lecithinase, tlie B. cereus Iccithinnse is fairly resistant to heat. 
The lysis of red blood cells and the hydrolj'sis of free lecithin by B. cereus Iccitbinasc 
was strongly inhibited by normal sera of oil the animals tested. But wljcn lecithin 
was bound in egg-yolk lipoproteins, Us hydrolysis by the cnzjinc was unafTcctcd by 
normal serum. Specific scrum, on the other band, was capable of Inhibiting the 
liydrolysis of both free lecithin and protcin>bound lecithin. TIjc B, eeretK and 
B. mycoides lecilhinnscs are injmunoIogicalJy relalcd, but they arc not so related to 
Cl. icelchii lecithinase. 

In ft previous communication (McGnughcy & Cbu, 19 J8) it wns reported tlial, 
in the Bftcilltis group, Bacillus cereus, B. mycoides and B. anOiraeis were nblc 
to produce an egg-yolk reaction similar to that caused by Clostridium icelchii 
a-toxin. In the case of CL xcclchii a-to.\in, the reaction was found to be due to 
the action of a lecithinase which splits lecithin into phosphorjdcliolinc and 
diglyceridc (Macfarlanc & Knight, 1941). A similar tv'pc of lecithinase has now 
been demonstrated in B. cereus and B. mycoides, and the activity also rutjs 
parallel with the yolk reactivity. In view of the close correlation Ijclwccn the 
lecithinase activity and the haemolytic, necrotic and lethal activities of 
CL icelchii a-toxiii, it was considered interesting to see whctlicr the Iccitlunases 
obtained from these new* sources and causing the same biochemical reaction on 
the substrate lecithin aUo j)osscss the biological properties of the CL rcelehii 
lecithinase. 


MATEIUALS AND MimiODS 

Cultures. Although many stnvins of li. cereus. It. rnycoulrs an<l B, authrueis 
were uscfl, for most of the work the enzyme was prepared fronj a straifj of 
B. cereus (N.C.T.C. 9*5), 

Preparntiou of lecithin. l>ecithin was ptrparnl and puriflctl by the melhfxl* of 
.Maclean A* .Maclean (1927) and Welch flOIS). Fresh egg yolks were cxtmrtM wnfi 
»<;\-eral clmnges of ethanol. Ttic ctimnol cxtnicl sms c\*al'omtr<l to diyncvs in txjrrm 
niul taken up in a small volume of ether. Crude phospholipids were prrdpitatetl 
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from the ellicrcnl solution witli excess of acetone. Tlic precipitate \vas taken up again 
in ctlicr and l;cpt in the refrigerator to allow spliinoniyelin and galactolipin to 
scj)arate out. After centrifuging, the clear ethereal solution was again treated with 
acetone and the process was repeated three times. Finally, the acetone preeipitate, 
which contained chielly lecithin and cephalin, was taken up in absolute ethanol. 
.After sUmding in the refrigerator overnight, the cephalin which' precipitated was 
removed by centrifugation. The i)urification was repeated until the product gave 
a perfectly clear solution in iee-eold ether or ethanol. 

As lecithin is very unstable in air, it was found convenient to make a thick emulsion 
of the product ns soon as it was i)rcparcd and to distribute it in fixed quantities, 
usually 2,'3() mg., in small amiioules. They were then dried from the frozen state and 
sealed iix vacuo. Lecithin kept in this form remained apparently unchanged for a long 
time. For use, the contents of an ampoule were washed out with water and diluted 
to the required volume. Lecithin kept in this form emulsifies very readily. The 
product gcnendly contained 1-D.';-2%N, .3-7.'5-8-fi % P, 1.3-8-14-2% choline with 
a molecular ratio of P and choline l:0-95-0 07. 

Preparation of cephalin. Cephalin was prepared from sheep brain according to 
Maclean & Maclean (1027). The product contained .3'7G % P but no choline. It was 
not hydrol 3 'scd by Cl. •cclcliii Iccithinasc, and was thus practically free from lecithin. 

Preparation of lipovitcllin and lipovitcUenin. Lipovitcllin and lipovitellenin, the 
two egg- 3 'olk lipoproteins, were prepared aecording to Alderton & Fevold (1045) 
and Fevold & Lausten (1940). The former contains 10-18 % and the latter 35^0% 
of phospholipins, of which about 80 % is lecithin. 

Chemical analysis. Total P was determined photoelcctro-colorimetricallj’^ by Brigg’s 
method after ashing with rijSO^ and HNO 3 . N was estimated bj-^ the miero-Kjeldahl 
method and Ca by precipitation as oxalate and permanganate titration. For the 
estimation of choline, a modification of Beattie’s rcineckate method (Click, 1944) 
was used. 

Clostridium welchii a-toxin. The Cl. loclchii a-toxin used in this investigation was 
a glj'ccrinatcd preparation containing 2800 lecithinase units (Macfarlane & ICnight, 
1941) per ml., kindlj' supplied by Dr van Hcyningcn (1941 &). 

Measurement of the lecithinase activity. Like Cl. welchii lecithinase, B. cereus 
lecithinase splits lecithin into acid-soluble phosphorylcholine, and the rate of 
increase of acid-soluble phosphate also serves as a convenient measure of the 
enzjTOC activity. The method emploj'^ed was essentially the same as that used 
for Cl. welchii lecithinase (Macfarlane & Knight, 1941). The reaction mixtures 
were made up wdth 1 ml. 0-05 m borate buffer pH 7-1, • 0-1 ml. OT M-CaCU (for 
Cl. welchii lecithinase 0-2 ml. was used); aqueous solution of enzjmie and 
distilled water to 3 ml. After this mixture had been warmed to 37°, 1 ml. of 
a 2-5 % lecithin emulsion at the same temperatm-e was added from a 1 ml. 
blow-out pipette to ensure an immediate mixing. The reaction was stopped 
after 15 min. incubation at 37° by the addition of 1 ml. 20 % trichloroacetic 
acid, which also flocculated the undecomijosed lecithin. The mixture was then 
Altered through a no. 50 Whatman filter-paper and the total phosphate in the 
filtrate estimated. The enzyme activity in the following experiments was 
generally expressed as mg. of acid-soluble phosphate liberated from 25 mg. of 
lecithin in 15 min. at 37° and one arbitrarj'^ unit of lecithinase was defined as 
that amount of enzyme which under the above conditions v'ould catalyse the 
production of O'l mg. acid-soluble P. 

Measurement of the egg-yolk reaction. The production of opalescence in egg- 
yolk extract by the action of lecithinase W'as measured bj'^ a modification of 



The lecUhmasc o/Bacillus cereus 257 

van Heyningen’s (19-11 a) method. The standard conditions finnlly adopted 
^rere as follows: 1 ml. enzyme diluted in water, iml. 0 0j?i l>oratc InifTcr 
(pH 7*1) and 2 ml. distilled water were put in a test-tube or preferably in the 
cups of the photoelectric colorimeter, and warmed to 37®; 2 ml. 5% cgg-yolk 
extract at the same temperature were then added. After 15 min. at 37® tlic 
turbidity was read in a photoclcctrie colorimeter fitted with a grey filler. 



Amount of l«ithlM»e (Jeothmjje uftntj 

Tig. 1. The effect of lccitlun.nsc concentration on development of turbidity In epg.yolk 
extract. Kc.'iction mixture: amount of IccUlilna^ Indicated nbotT, I ml.; borate 
buffer pU 7'1 ; 2 ml. yolk saline; water to 6 nd.; rrncllon time 15 min. nl 37’. 

In the photoelectric colorimeter (King, lOlC) tlic rending (‘c.Ktinction 
coefficient E’ multiplied by 100) is not u linc.ar function of the turbidity, 
especially when the rwiding is greater than 30. For this renson the turbidities 
were read from a standard curve prepared by plotting the colorimeter rc.adings 
of a series of suspensions of I 3 aS 04 . Using tliis cui^'c the turbidity of a given 
cgg-yolk reaction mixture was expressed in tenus of its equivalent HnSO, 
concenlralion. The standard UaS 04 suspensions were jircparct! ns follows: 
a stock suspension of UaS 04 was prepared by adding 1 % (v/v) cone. IKSO, to 
2*0 ml. 1 % (w/v) BaCl. with stirring to n total volume of 100 ml. The resulfnnt 
suspension was calculated to contain 221 ing. of IJaSOi/lOO ml. A series of 
suspensions conbiining 1-200 mg. BnSO 4 /I 00 ml. were then prcjuircd by 
diluting the .stock nnS 04 .suspension with 1 % cone. HjSOi. 

A drj* enzyme preparation containing 3 Iccilhlnasc units j>crrng. was ucol 
ns the standard for the egg-yolk turbidity estimation. Fig. 1 shows the 
turlnditics produced in 15 min. by Q-3 units of lecithinasc under the nlK.ve 
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conditions. It can be seen that in tlic region of from 1 to 2 units, the turbidity 
is a linear function of the enzyme concentration. 

It must be emphasized that under the above standard conditions the final 
reaction mixture (total volume of G ml.), is 0-3 % with respect to NaCl and 
contains no Ca ion c.xccpt that present in the egg yolk. In the case of Cl, weJchii 
suiricicnt Ca ion is added to a final concentration of 0-005 lu. A slight change in 
the salt concentration has a great influence on the turbidity produced. As the 
absolute turbidity produced by a certain amount of enzyme is influenced by 
a number of conditions which can hardly be identical in two occasions, it is 
advisable to run a few standards with each set of estimations. When the 
enzyme to be estimated is present in a complicated medium the standard 
enzyme preparation must be diluted with the same medium so that the effect 
of the salts and other substances present in the medium can be eliminated. 

Measurement of haemolytic activity. Haemolytic activity was measured by 
modifications of the methods of Herbert (1941) and van Heyningen (19416). 
Decreasing amounts of haemolysin diluted to a total volume of 2 ml. with 
borate buffer saline (pH 7-1) containing 10"^ M-Ca'*"*' were incubated with 1 ml. 
of a washed sheep red-cell suspension standardized to contain 20 mg. haemo- 
globin/ml. (equivalent to c. G % cell suspension). After 1 lir. at 37° the reaction 
was stopped by the addition of 7 ml. of normal saline containing 5 % of normal 
horse scrum, which was found to inhibit strongly the haemolytic activity of 
B. cereus. The unhaemolysed cells were then removed bj-^ centrifugation and 
the percentage haemolysis was estimated from the haemoglobin content of the 
supernatant fluid in a photo-electric colorimeter fitted with a green filter. The 
colorimeter readings were transformed directly into percentage haemolysis by 
reference to a standard cun’^e prepared with a series of standard haemoglobin 
solutions. This curve was also used for the standardization of the red-cells 
suspension. 

An arbitrary haemolytic (ii.u.) unit is defined as the amount of haemolysin 
causing 50 % haemolysis of 1 ml. suspension of sheep red blood cells con- 
taining 20 mg. haemoglobin after 1 hr. at 37°. Fig. 2 shows the degree of 
haemolysis produced by 0-5-3-5 ii.u. of B. cereus haemolj’^sin. The shape of the 
curve is similar to that of streptolj^sin O (Herbert, 1941) and Cl. welchii a-toxin 
(van Heyningen, 19416). 

RESULTS 

Concentration of the enzyme 

A 20 hr. nutrient broth culture of B. cereus was used as a source of the enzyme. 

To the culture filtrate, which generally contained 1-2 units of lecithinase, 
ammonium sulphate was added slowly with stirring to two-thirds saturation. 
The precipitate, which contained most of the enzjune, was then redissolved 
in one-twentieth of its original volume of water. To this solution half a volume 
of saturated ammonium sulphate solution was added and the resultant dark 
brown sticky precipitate was centrifuged off. The clear supernatant was 
dialysed against rimning tap water for 8 hr., and then against several changes 
of distilled water at 2° for 24 hr. The dialysed solution was either dried to 
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a solid in vaaio or concentrated by dialj-sing against 50% aqueous glvcerol. 
The latter preparation retained its cnzjTnic activitj- unehangeel for over 
U years. The glycerinated solution generally contained 50-S0 Iceithinase units 
per ml. and the dry preparation about tlu-cc Iccithinase units per mg. The 
discardeel fractions precipitated by one-third saturation, and by more than 
two- thirds snturation,mthammoniumsulphntccontained 002 orlcsslccithinasc 
units per mg. 



UniU of htcmol/iiA 

Fig. 2. Stondnnl cunc for tUrsilion of B. cernia lincmol.»in. 


Mode of hydrolysis of lecithin by BjiciJJus cercus Iccithinase 
TJic motlc of liydrolysis of lecithin by D. cerexts Iccithinase was comj^nred 
with that of CL xcelchii Iccitliinasc. Of three samples of 7C0 mfj, of lecithin 
containing 30 mg. of P, one was hydrolysed by B. cerexts Iccithinase, one by 
CL xcelchii Iccithinase and the third scnctl as n control. The reaction niixtiiri's 
were made up with distilled water to a total volume of 20 ml. and containc<l 
0 003 it-CaClj. On incubation the cnzj-mc mixtures rapidly became acid and 
were frequently ncutnilizctl with 01 x-NaOH during the course of the hydro- 
lysis. After 8 hr. nt 37® the cnzjinc mixtures became fairly clear w ith a layer 
of fat on the surface, while the control still remained milky. Ti»c mixturrs were 
then c.xtractcd four times with ether, and the cthcnal solutions were separated 
by centrifugation. The coinbinctl cthcrc.al solutions were cvni>omtcd to 
and extructcil with acetone. The residues from the ctlier extracts of the 
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enzyme mixtures Averc nlmost completely soluble in acetone; that from the 
control mixture wis completely insoluble, showing that most of the lecithin 
had been hydrolysed by the enzymes yielding acetone-soluble material. The 
acctonc-sohdde materials fi'om both mixtures had the same acid value of 2-0, 
and thus apj)carcd fo be neutral fats. 

Tal)le 1. Comparison of hydrohjsis ofleciihin by Clostridium 


Avclchii lecithinase and Bacillus cereus 

lecithinase 



li. cernis 

Cl. welchii 

Control 


lecithinase 

lecithinase 

(no enzA'me) 

13cfore livdrolvsis: 

Lccithiu (mg.) 

TOO 

700 

700 

Toliil 1> (mg.) 

200 

200 

29-9 

Total N (mg.) 

15 -4 

15-1 

15-4 

After hydrolysis: 

(1) IVatcr soluble products: 

Total P (mg.) 

21)0 

28-5 

0-3 

Total N (mg.) 

14-5 

140 

015 

Inorganic P (mg.) 

0 

0 

0 

Free choline (mg.) 

0 

0 

0 

(2) Ether .soluble products: 

Acetone soluble material 

529 0 

5100 

0 

(neutral fat) (mg.) 

Acetone insoluble material 

200 

31 -0 

720 


(unliydrolyscd lecithin) (mg.) 


Table 2. J'hc action q/" Bacillus ccreus and Clostridium Avelehii 
Iccithinascs on free aiid protcin-bonnd phospholipws 


Substrate 

25 mg. of free lecithin 

25 mg. of free phospliolipins\ 
extracted from lipovitellenin j 

70 mg. of lipovitellenin con- "I 
taining about 25 mg. Of bound j- 
phospholipin J 


Acid soluble P (mg.) liberated 
by the action of 



1 mg. B. ccrctts 

1/900 ml. 
Cl. welchii 

Time of 

lecithinase 

lecithinase 

incubation 

prej)arat{on 

preparation 

f 15 min. 

0-30 

0-30 

\ 3 hr. 

004 

002 

/15 min. 

0-31 

0-30 

1, 3 hr. 

0-05 

001 

f 15 min. 

0-15 

003 

3 hr. 

0-34 

005 


The aqueous solution from the two enzyme mixtures contained more than 
95 % of the original lecithin P in an organic form and an equivalent amount of 
N but no free choline. In the case of Cl. welchii the organic P compound tvas 
crystallized as Ca salt and identified as phosphorylcholine (Macfarlane & Knight, 
1941). By means of their technique 85 mg. of crystals tvere obtained from 
B. cereus lecithinase reaction mixture and 105 mg. from that of Cl. welchii 
lecithinase. Analysis shotved that their compositions Avere A^ery similar and 
agreed fairly Avell Avith that required for cr 3 ’^stalline Ca compound of phos- 
phorylcholine. (Ca, 12-0 and 12-0 %; N, 4-4 and 4-3 %; total P, 8-8 and 9-0 %; 
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free choline and inorganic phosplionis 0; first figures for the cr)*stnllinc com- 
pound from 2?. cereus lecithinase reaction mixture and second figures for that 
from CL zcelchii Iccithinasc mixture.) Both crystalline organic V comi>ounds 
were rapidly hydrolysed by a bone phosphatase preparation free from di- 
esterase (kindly supphed by Dr M. G. Mncfarlnne). Equivalent amounts of free 
choline and inorganic phosphate were liberated from tlic two crystalline 
compounds after the hydrolysis, i.c. both compounds were phosphorylcholinc. 
The cliangcs of the three reaction mixtures after incubation arc shown in 
Table 0, It can be seen that li. cereus Iccithinasc acts on Iccillnn in the same 
way as CL zcelchii Iccitliinasc, in that neutral fat and phosphorylcholinc are 
produced. 

Action ©/■ Bacillus cereus lecUhinasc on eslg-yolk extract 

M’hcn egg-yolk extract was incubated with the enzyme preparation, there 
was a gradual increase of turbidity followed by formation of scum. Analysis of 
the reaction mixhirc showed a great increase of acid-soluble P as n result of 
the action of the Iccithinasc on the egg-yolk phospliolipins. The close correla- 
tion of the lecithinase activity with the development of opnlcsccncc in egg-yolk 
extract was shown by the following experiment. 

To a mixture of 10 ml. of diluted enzATue, 10 ml. of borate bufler (pH 7’1) 
and 20 ml. of distilled water at 37®, 20 ml. of yolk saline at the same tempera lure 
were added. Immediately and at intcr\*als after mixing, the turbidities of 
0 ml. samples were determined. soon ns each turbidity was rend, 1 ml. 20 % 
trichloracetic acid was added to stop the reaction and the total acid-soluhlc 
phosphate estimated. The rate of liberation of ocid-solublc P and the develop- 
ment of turbidity were almost parallel. There is little doubt that the productiou 
of turbidity in egg-yolk extract in this ease is due primarily to the lecithinase 
activity, but the quantitative dev'clopment of the egg-yolk reaction is dctcr- 
minetl also by a number of conditions which must be well controllctl when the 
egg-yolk reaction is used for the titration of 100111111)0*50. 

The action o/ Bacillus cereus and Clostridium wclclni 
lecithinascs on e^^yolk lipoproteins 

Under the above experimental conditions /?. cereus lecitliinnsc preparation 
was more active in producing turbidity in egg-yolk extract than Cl. xcekhH 
lecithinase. About 3 units of the latter is required to develop in egg-yolk extract 
a turbidity comparable to that produccil by 1 unit of the former. As tlic egg- 
yolk reaction, aho known ns tlic lecitho-vitcUin (i..v.) rc.aetion, is supposnl tt) 
be due to the action of Iccithinasc on egg-yolk ll]K)j)roteins, it was considered 
interesting to see if these two lecithinascs also vary in their activities against 
purified egg-yolk li|>oprotcins. Lijiovitenciun, the egg-yolk lijxjprotrm con- 
biining more phospholipins aiui witli less phosphorus in il.s protein part, w.-vs 
chosen for this purpose. The preparation us«l contamcil 1*5% P, P 
and choline. It could be dissociated with ethanol nn<l rt’iv^.atnlly 

extract wl with ether and ethanol logivcC3% vitcllcnin (X. 13-1 P. O g.l" 
choline, nil) and 3G% phospholipin (X, P, cholmc. 
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clio]inc/P = 0-79/1). From Uic analysis it can be seen that about four-fifths of 
the pliospliolipin was clioline-conlaining and that any cepbalin present eould 
not be more tJin!i one-fifth of the total pliospliolipin. As shoi\Ti in Table 2, 
similar amounts of B. ccrcus and Cl. rvdchii Iccithinnscs, based on their rate 
of liydrolysis of free lecithin, also had about the same activity on the free 
jihospholipiii extracted from lipovitclleniii, but varied very much in their 
activilics against pliospliolipin bound in lipovitclleniii, Ci. rcclchii Iccithinase 
ajijicarcd to be much less active against vitcllenin-bound lecithin as compared 
with B. cercus Iccithinase. This might also account, partially for its weaker 



Pig. 3. Effect of Ca concentration on hydroh-sis of free lecithin by B. cercus and Cl. icelchii 
Iccitliinases. Reaction mixture; 1 mg. B. ccrcus iccitliinase preparation or 0-001 ml. 
Cl. tvclchii a-toxin; 1 ml. borate buffer pH 7-1; 1ml. 2-5% lecitliin; 0-0-S ml. 
0-1 .M-CaCL; ivater to 4 ml.; reaction time 15 min. at 37°, 

activity on egg-yolk extract. As B. cereus Iccithinase preparation also acts on 
cephalin, its relatively higher activity on lipovitellenin, as measured by the 
amount of acid-soluble P liberated, might be due to the additional effect of 
cephalinase. But estimation of the choline content of the hydrolysis products 
showed that over 90% of the acid-soluble P was, in fact, liberated from 
lecithin. 

Characteristics of Bacillus cereus lecithinase 

The effect of Ca and Na ions on the lecithinase activity. Like Cl. welchii 
lecithinase, the activity of B. cereus lecithinase is greatly affected by Ca ion. 
Fig. 3 compares the effects of Ca ion on B. cereus and Cl. welchii lecithinases. 
The latter has a wide range of optimal Ca concentration, whereas the activity 
of the former is maximal in the narrow range of 1-4 x 10-^ M-Ca. As lecithin 
is readily precipitated from an emulsion by Ca salts, it was first thought that 
the inhibitory effect of Ca ion at higher concentrations might be simply due 
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to precipitation of lecithin. In order to elucidate this, tlic effect of Cn ion on 
the lecithin emulsion itself "wos investigated. It was cx])cctcd that lecithin 
emulsion would be stable at the concentration of Cn ion optimal for the 
Iccithinase .activity and precipitation might take place at a higher concentra- 
tion. Contrary to these expectations, lecithin emulsion was found to be most 
unstable in the presence of 1-4 x 10-* M-Ca, which is the optimal concentration 
for the activity of B. cerciw Iccithinase. This correlation is shown in Table n. 

Table 8. The ejjecl of calcium on the Jlocculaiiou of lecithin 
arid the activity o/Bacillus cercus Iccithinase 
Concentration of Ca (10 '*m) 

23 10 5 2S 1-23 0-5 0 23 0 

Kate of flocculation* — — 4.+ +4.4. ^. + + 4. + ~ — 

of lecitlun 

Lccithinasc activitj-f OO.'IO 0 230 0-300 0-312 0 310 0-075 0 021 0 022 

(mg. P liberated) 

• The rate of flocculalion of lecithin >vas roughly c-^iinmtcd by the relative time re<juiml 
for flocculation of lecithin after adding \'arious amounts of Cft** into lecithin emulsions. 
+ -f + +, + + +, + -f, + =rclative rates of flocculation; — =no flocculation after 3 hr. 

t The lecilhinase activity was c-^pressed as mg. of ncid-solublc phosphate liberated from 
23 mg. of lecitlun in IS mtn. by the action of 1 mg. B. cercus Iccithinase. 

The fact that B. cercus Iccithinase activity is greatest at the Ca ion concen- 
tration at which lecithin flocculates most readily from its emulsion suggcj»ls 
timt tlie enzyme might have a maximal affinity for lecithin when the latter 
Ims absorbed an optimal amount of Co ion in reaching its isoelectric point. 

Although tlie hydrolysis of free phospholipins by B. eerrus Iccithiimsc 
requires the presence of free Ca ion, the egg-yolk reaction and the hydrolysis 
of phospholipins bound in li|>ovitc!lcnin were found to proceed with maximal 
velocity even in tlie presence of oxalate. The addition of Ca ion, in concentra- 
tion as low ns I0-*si, grc.'itly decreased these activities (see Fig. -t). 1’iic 
independence of B. cercus Iccithinase of free Ca ion for tlie liydrolysis of 
phospholipin present in lipovitcllcnin might be due to a small amount of Cn 
(O'OS %) bound in the lipovitcllcnin which is not readily precipitated by oxalate 
and is sufficient to activate the enzyme:. It is nlso possiljlc llinl the coinbiijntion 
of pliosphoHpin witli protein has so changed their configurations ns to render 
Ca ion unnecessary for the action of the enzyme on tlie phospholipin. 

I>atcr, it was found thatXa ion has n strong inhibitory action on tlie enrsTue 
activity, the activity of the enzyme in physiological saline Ijcing only 5% of 
that in water. Fig. 5 shows the amount of ncid-solublc P libcrntcil from 
lecithin by a given amount of B. cercus Iccithinase at various coniTutnition*; of 
Ku ion. similar, but smaller effect was ohscr\-c<l witli Cl. ivclchii Iccithinave. 

The effect of pll. Since the cnz^^ne actisity is greatly affcetetl by a sm-nll 
change in the Xa concentration, and since sodium salt buffers of lUn’crcrit 
plT gcncr.illy varj* in their Xa content, it is necessnn’ to ixjualirc tfie final 
Xn concentration of reaction mixtures conl.aining buffers of diffcrcnl pII, 
olhcnvisc the cnz)inc activity inight be Influenced not only by the dilTcrcnrc 
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Fig. 4, Tlic effect of Cn on hydrolysis of free nnd bound phospholipins by B. ccrciis lecithinasc, 
x-x-x, liydrolysis of free lecithin; ©-©-©, hydrolj'sis of phospholipins bound in 
lipovitellcnin ; #-•-#, jiroduction of turbidity in egg-yolk extract. Percentage activity 
is calculated by assuming the maximal activity as 100%. (No Cn ivas added to these 
reaction mixtures; the small amount of Ca present came from the enzyme and the 
substrate.) 






Fig. 5. The effect of Na concentration on lecithinasc activity ofB. ceretis. Reaction mixture: 
1 mg. B. cercus lecithinasc preparation; 1 ml. borate buffer pH 7-1 ; 0-1 ml. 0-1 M-CaCL; 
1 mf. 2-5 % lecithin ; 0-0-C ml. 0 % (w/v) NaCl ; water to 4 ml. ; reaction time 15 min. 
at 37°. 
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of pll, but also by the variation of the salt concentration. Fip. C compares the 
enzyme activities at various pH’s with and without adjustment of tlic final 
Xa concentration. Borate buffers were tiscd for pH 0*7-9 and acetate buffer 
for pH 5*7. The final strength of the buffer in the reaction mixture is 0 012 m. 
Although the optimal pH in both cases was around neutrality, the effect wav 
greatly exaggerated in curve I, where the final salt concentrations were left 
unadjusted. This additional effect was doubtless due to tJic lower Xa ion 
concentrations at pH’s near neutrality. 



Fig. 0. The effect of pU on the nctivlty of /#. ftretts Iccithinnw. JlMrlion nUttUTej 1 rng. 
B. cerfut lecithtniue preparation, 0 1 mt. 01 M-CnCI|: 1 ml. 2 5% lecithin; 1 ml. 0 05 m 
bomle buffer pH fl-T-O-O, or acetate liufTcr pll 5-7; water to •Inil.; reaction time 
15 min. nt 37®. Figures on the curves indienfe the caIeuLitr<l (N*a*} of the reaction 
mixtures ( x IO-’m). The variation of [Na*J nt various pH\ ns shown fn ctir\c i h due 
to the different Na content of the liuffcrs. In curve 11. the [.Va^Jof the reaction mixture 
nt various pll’s were nil adjusted to that nt pII t), i.c. 20x in**M by the ntldlUon of 
NaCI solution. 


Kjfecl of suhsirait conccniralion. Fig. 7 shows the effect of substrate con* 
centration on the initial velocity of hydrolysis with a given concentration of 
enzyme. Since lecithin is present us a colloidal solution, it is difficult to calculate 
the Michnelis constant {Km) for the enzyme. Following the mctliml of calcula* 
tion, ns used by Zamccnik, Brewster Sc Lipmnnn (1947) for Cl. xcelchii Iccithi* 
nasc, and making sinular assumptions, flic Km of li. cercxix leeilhinase is 
calculated to 1 k‘ d'S-S'-l x 10”® .tf, wliich is nc.ar to that of Cl. ztrkhii Iccithinnse, 
viz. 5x10”® M. 

K{frct of rnzijme concfutration. Fig. 8 shows tluil the initial velocity of 
Iiydrolysis, ns mcasurctl by determining the amount of ncid*soluh!c P fonticd 
in 15 min., is directly proportional to the enzyme concentration over nt least 
an eightfold range. 

The siabUity of the ctizyme. Like Cl. wr/eAii Iccithinasc, the II. cernts enrnne 

t» 
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Fig. 7. The effect of substrate concentration. Enzyme concentration () 25 mg./ml,; pH 7-1 ; 
total volume of reaction nii.vture 4 nil.; reaction time 15 min. at 37°. 



0 0-2 0-4 0-6 08 10 


Amount of lecithinase preparation (mg.) 

Pig. 8. The effect of enzyme concentration. Reaction mixture: 25 mg. lecitliin; 1 ml. 
borate buffer pH7'l; 01ml. O-lm-CaClj; enzyme preparation 0-1-0 mg.; water to 
4 ml.; reaction time 15 min. at 37°. 
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is fairly heat stable. Heating the cnzj*nie in pIT 7*1 borate bulTcr for JJO min, 
at CO® in a sealed tube destroyed onh' 20% of its activity, and 30% of its 
acti\ity still remained after standing in boiling water for 10 min. The enzyme 
is also resistant to oxidation; treatment with a 1:100 dilution of SO vol. ILOj 
for 1 hr. at room temperature had no cficct on its activity. It is rather e.asily 
inactivated by surface dcnaturation; bubbling N. through a dilute enzyme 
solution for CO min. destroyed 40% of its activity. It can also be inactivated 
by incubating with dilute formalin. When kept in 30% aqueous glycerol at 
2®, the enzyme activity remained imchangcd for over 2 years. Dilute sohitions 
of the enzyme in water or saline arc rather iinstahle at room temperature. 

7'he haemolytic activity o/ Bacillus cereus lecithinasc preparations 
The close association of lecithinasc activity and haemolytic activity of 
IS. cereus li. mycoides has already been discussed (McGatighcy it Chti, 1018). 
One lecithinasc unit is generally associated with ten haemolytic units. Further 
studies showed that this hacmolj-sin has many characteristics in conunon with 
Cl. xvclchii lecithinasc, which is also haemolytic. 



I'lC* 0. The effect of Cn on ImcnioKilc nn<l lccithina>c artlvltir^ t»r Ji. eefnii. No Cn 

otldeil to these reaction the small or<mnt of Va present ns {•how-n In the n 2 \ire 

ctimc from the enzyme and the «uh*tnilc- 


KJfect o/Ca ions. The Iccithinusc nclivily of //. cereus i** oj>tiuin! a! Ca enn- 
ccntralion around 1-4 x 10"* M. Tl»c Imcinolytic activity is maximal at a l*M\rr 
concentration of Ca, nmging between 0 05-0-2x 10 -’ m. The fu•ti^’ity c;m Ik' 
decreased either by very slight iiicn-aso of Ca wnccnlration or by the nddit Uin 
of citrate or oxalate ns shown in Fig. 0. 
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SusccpiUnliUi of crythroq/lcs of different species. Oakley & Warrack (1941) 
showed that a-to.\in of CL xoelchii was comparatively inactive against goat or 
horse red blood cells; 7J. eereus haemolysin behaves in the same way. Red 
cells of shcej), pig, rabbit, guinea-pig and man arc almost equally susceptible 
to its action; horse cells less susceptible; and goat cells very resistant. About 
twenty times more haemolysin is required to haemolyse goat cells than 
sheep cells. 


Table 4, The inhibition of lecUhinasc activity and haemolytic 
activity o/Bacillus eereus by normal horse serum 

Lccilliinnsc nclivity: 0-0-2 ml. nonnnl horse serum diluted with s.aline to 0-2 ml. were 
allowed to net with 1 ml. of diluted enzyme in water at 37° for 13 min., one ml. pH 7-1 
borate buffer, 0-1 ml. 0-1 st-CnClj, 0-7 ml. H,0 and 1 ml. 2-5 % Jeeithin were then added and 
the amount of hydrolysis estimated in the usual way after another 15 min. incubation. 

Haemolytic activity. Decreasing amounts of normal liorse senim were incubated at 37° 
for 15 min. with 0-1 mg. of Iccithinase preparation containing 3 n.u. in a total volume of 
2 ml. made up with borax buffer saline. 1 ml. standard suspension of red cells were then 
added and the degree of haemolysis determined after 1 hr, incubation. 

Lecithinnsc activity of 1 mg. Haemobdic activity of 0-1 mg. 

Iccithinnse preparation lecitliinase preparation 


Amount of normal 

P liberated 

Inhibition 

Haemolysis 

Inhibition 

horse serum (ml.) 

(mg.) 

(%) 

(%)■ 

(%) 

1/5 

0000 

100-0 

0 

100 

1/10 

0-001 

99-6 

0 

100 

1/20 

0-004 

98-5 

0 

100 

1/40 

0-028 

90-0 

0 

100 

1/80 

0-050 

82-5 

0 

100 

1/lGO 

0-110 

02-3 

0 

100 

1/320 

0-150 

45-0 

0 

100 

1/040 

0-222 

25-4 

0 

100 

1/1280 

0-250 

9-9 

3-0 

97 

1/2500 

— 

— 

50-0 

SO 

1/5120 

— 

— 

97-0 

3 

0 

0'284 

— 

100-0 

— 


Thermostability. The effect of heating on B. eereus haemolysin is interesting. 
The haemolytic activity was completely destroyed after heating at 60° for 
10 min., while boiling for 10 min. only destroyed 80% of its activit5^ This 
peculiar heat resistance has also been observed with staphylococcus a-haemolysin 
(Arrhenius, 1907) and Cl. welcldi a-toxin. (Guillaumie, Kreguer & Fabre, 1946). 
Heating affects the haemolytic activity of B. eereus filtrate more than it affects 
the lecitliinase activity. Heating at 60° for 10 min. has very little effect on 
lecitliinase activity but completely abolishes the associated haemolytic activity. 
However, this does not necessarily mean that the haemolysin is unrelated to 
the lecithinase, as it is quite possible that heating at 60° only upsets the access 
of lecithinase to the substrate on the red cells but does not affect the approach 
of the enzjmie to free lecithin. The haemolytic activity of Cl. welcldi a-toxin 
is also more sensitive to heat than its associated lecithinase activity. 

Hot-cold effect. Unlike Cl. welcldi a-toxin (van Heyningen, 1941 i), B. eereus 
haemolysin is not a hot-cold lysin. 
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Hesisiance io oxidation. Like Cl. xceJchii a-toxin, the hncniolytic activity of 
B. cereus is not afTectcd by oxitlation. 

Inhibition by nonnal serum. Lysis of red cells as well as hydrolysis of 
lecithin by B. cereus arc both strongly inhibited by normal sera of all the 
animals tested, including horse, sheep, rabbit, ox, guinea-pig, mouse and man 
(see below). 

Effect on peptone. The nctivitj* of B. cereus haemolysin is greatly enhanced 
in the presence of a small amount of peptone. About 50% more haemolysin is 
required to lyse sheep red cells m the absence of peptone tlian in its presence. 
Similar obscr\*ation has been made on CL vcelchix toxin by Onklcv Warrack 
(1941). 

Inhibition of Iccithinase activity by normal serum 

The hydrolysis of free lecithin and the Ij'sis of red blood cells by B. cereus 
filtrate were strongly inhibited hy normal sera of all the animals tested, 
including horse, ox, sheep, rabbit and man. The inhibitor was found to be 
associated with both serum globulin and scrum albumin. Ilut it was not 

Table 5. I'he effect of normal serum proteins on the hydrolysis of free, phosj^ho' 
lipinsandproiein-boundphosphoUpinshijBncxWn’iccTtn’iphosphoUpinasc 

Reaction mixture: 1 mg. B. cereus Iccithinase; I ml. borate hufTcr; 01 ml. 0-lsi-CaCl, 
(only for the hydrolysis of free phosphollpins); 1 ml. of 2-5% free phwpholipins or 7% 
lipovilcllenin; serum proteins as indicated above; sratcr to 4 ml. Reaction time: 15 min. 
at 07% 

Ilydrob'sh of free Hydrolysis of bound 

phosptiolipin phospholiplns 


Control. No serum protein 

*P* Iilicmted 
from 25 nig. 
free pliospliolipins 
extracted from 
70 mg. 
lipoWtcIlcnin 

0 307 

Inhibition 

(%) 

‘P* Hbcmled 
from 70 mg. 
orijpovitcllcnin 
CTintnining about 
25 mg. liounrt 
pho^phnlipin 
0110 

Inhibition 

(%) 

Horse scrum globulin 0-2 mg. 

0000 

71 -0 

0 141 

0 

Horse pcnim globulin 1*0 mg. 

ooai 

fiO 0 

01 42 

0 

Horse scniin nlbumln 0-2 mg. 

ooao 

805 

0-141 

0 

Horse jeerum albumin 1-0 mg. 

0 015 

85-5 

014.7 

0 


destroyed by heating to 70“ for 10 min., which liad apparently denatured the 
scrum proteins. The extent of the inhibition is shown in Tabic 4. Iji the 
experiments cited the inhibition was mcasurctl by comparing the rate of 
hydrolysis during the first 15 min. of incubation. The inhibitory cfTcot has also 
been demonstrated in experiments where the reaction was allowed to pmcettl 
for several hours. The inliibilion is thus not just a Icmponirs' lag effect. 

It is interesting that normal scrum proteins, although inhibiting the hvdn>- 
lysis of free lecithin in high dilution, have very little cITcei on the yolk renrtion. 
This is partially explained by the finding that normal scnini proteins nUo fail 
to inliibit the hydrolysis of phospholipins Iwwnd in hfiovitcIJcrun and Iif>o- 
vilollin, the two egg-yolk lijwprotcins (Table 5). Tbc fact that B. een-ut 
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Iccilliinnsc prc23nraf,ioii nlso acts on ccplialin and f.Iiat the cephalinase activity 
is Jiot inliibitcd by normal serum, suggested that tlie acid-soluble P liberated 
from lijiovitcllcnin in the presence of normal serum jiroteins might largely 
come from cephalin. This possibilitj'^ was ruled out, however, by the finding 
that the choline contents of the acid-soluble P compounds liberated from 
lijiovitellcnin in the j)resenec of normal scrum proteins or in its absence were 
pracliwdly the same. The reason why the combination of lecithin with proteins 
like vitellenin or vitellin should counteract the inhibition of the Iccithinase by 
serum protein is not clear. 


Productiou of specific anii-lccUhiuasc in rabbits and its differentiation 
from normal serum inhibitor 

Specific B. ccrcus anti-lecithinase has been produced by immunizing rabbits 
with the enzyme preparation. Unlike the inhibitor in normal serum the 
specific anti-lecithinase is capable of inliibiting not only the hydrotysis of free 
lecithin but also the yolk reaction and the hydrolysis of protein-bound lecithin. 
Possibty, the specific ajiti-lccithinase has a more direct effect on the enzyme 
than the inhibitor present in normal scrum. Table G compares the effect of 
normal rabbit scrum and immune rabbit serum on various activities on 
B. cereus Iccithinase preparation. 


Table 6 . The effect of normal rabbit serum and immune rabbit serum on 
various activities 0 / Bacillus cereus Iccithinase preparation 

This tabic compares the effects of O-l ml. normal serum and O-l nil. immune serum on 
the various actii'ities produced by 1 mg. of 13. ccrcus Iccitliinnse preparation. 

Lccithinasc activity 


Hydrolysis of free 
lecithin 

A 

P liberated Inhibition 


Hydrolysis of phospliolipins 
bound in lipovitellenin 


P liberated 


Inhibition 



(nig.) 

(%) 

(mg.) 

(%) 

Control (no serum) 

0-310 

— 

0-140 

— 

Normal serum O-l ml. 

0-005 

98 

0-140 

0 

Immune serum 0-1 ml. 

0-005 

98 

0-055 

Cl 

Haemolytic activity 

Yolk reaction 

A 

Toxicity 

A 

i V / I f 

Haemolysis Inhibition Increase of Inhibition mice dying 

Protection 

(%) 

(%) 

turbidity ( %) 

mice tested 

(%) 

Control (no serum) 100 

— 

108* — 

12/12 

— 

Normal serum 0-1 ml. 0 

100 

167 0 

12/12 

0 

Immune serum 0-1 ml. 0 

100 

8 95 

3/12 

75 


* Turbidity expressed as mg. BaSOj/lOO ml. 


Antisera against B. cereus Iccithinase have no effect on Cl. welchii Iccithinase, 
and vice versa; the enzymes therefore are antigenically different. On the other 
hand, Iccithinase produced by B. mycoides can be neutralized by antisera 
against B. cereus Iccithinase. This provides further evidence of their close 
relationship. 
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The toxicity 0 / Bacillus cercus Jecithinase 
The fact that tlie hydrolysis of free lecithin and lysis of red blood cells by 
B. ceretis Iccithinase arc inhibited by normal scnini suggests that the enzyme 
might be innocuous in vivo. On the other hand the inability of nonnal scrum 
to inhibit the hydrolysis of lecithin bound in cgg-yolk lipoprotein suggests that 
nonnal serum might fail to inhibit the action of the enzyme on other lipo- 
proteins occurring in animal tissue; the enzyme might therefore not be so 
innocuous in vivo as first expected. In fact, the enzyme preparation was found 
to be toxic for experimental animals, although the toxicit}' might be elite to 
factors other than Iccithinase, 

Intravenous inoculation of a dose of the enzyme preparation containing 
2-4 Iccithinase units is lethal to mice. The m.l.d. of Cl. icelchii a-toxin for mice, 
on the other hand, generally contains 0*5 Iccithinase unit. Intradcrmal injection 
in rabbits and guinea-pigs produces marked inflammatory lesions witli ccnlnd 
necrosis. The toxicity can be neutralized by immune rabbit sera containing 
specific anti-lccithinasc. As the enzyme preparation is very crude, it is im- 
possible to say whether its toxicity is due to Iccithinase activity exclusively or 
to some other factors as well. The enzyme preparation has already been found 
to possess ccphalinase activity which is likely to account for part of its toxicity. 

'The action 0 / Bacillus ccrcus Iccithinase preparation on crphalin 
Unlike the Cl. xvclchii Iccithinase (Maefnriano, 10J2) the preparation from 
//. ccrctts was capable of hydrolysing not only lecithin bnt also cepimlin. 
Whether the hydrolysis of cephalin is due to tlic Iccitliinnsc or to another 
enz^Tne remains to be seen. A few preliminary experiments Im\c shown 
that acid-soluble organic P but not inorganic P is split from cephalin by 
the enzyme. An enzyme preparation containing three locilhinasc units was 
able to catalyse the production of 0*12 mg. acid-soluble P from 25 mg. of 
cephalin in 15 min, under the same conditions us used for Iccithinase estima- 
tion. Tlic ccphalinase activity also requires the presence of Ca ion, but is not 
inliibitcd by nonnal scnim, which has a very strong inhibitory cn’ect on tlie 
Iccithinase activity. 


DISCUSSION 

The data showing the close similarity of B.cerats and (7. xvclchii Iccithinases in 
llieir enzymic properties and biological activities arc summarized in Table 7, 
B. ccrctts Iccithinase possesses most of the biological nclivilies founil to he 
associated with Cl. xvclchii a-toxin. Although these two lccllhi^a^es are \ery 
similar in most nspccts, difTerenecs linvc been noted between them. Some of 
these dilTercnccs may have a bearing on their activities in Wro: the different 
reactions to normal scnim is an interesting example. Thus, alllKiugh these two 
cnzvincs cxliibit similar chemical activities i« ritro, they might differ very 
much in llieir activities in i*uo. 

The inhibitory action of nonnal scnim protein on the lisdroh-sis of free 
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lecithin by B. ccrcus Iccitliinase, in contrast to its failure to suppress the 
Iiydrolysis of lecithin bound in egg-yolk lipoproteins is another illustration of 
the complexity of the biological syslemi 


Table 7. Comparison 0 / Bacillus cercus lecilhinase and 
Clostridium u'clchii Iccithinasc 


B. ccTcm Cl. VL-clchii 
lecithinase Iccitliinase 


Lecitliinuse 

Ca requirement 

+ 

-b 

activity 

Optimal pH 

Thermostability (%): 

C-8-7-2 

7-0-7-C 


.... 10 min. 

actmty after jo min. 

82 

32 

87 

45 


Rc.si.stnncc to o.xldation 

-h 

+ 


Inactivation by formalin 

+ 

-b 


Precipitation b}' 2/.‘) sat’d. (NIIj)jSOi 

+ 

+ 


Activity on cgg-yolk lipoproteins 

+ + 

-b 


Inhibition by normal serum proteins 

+ 

— 

Biological 

Egg-yolk reaction and Nagler reaction 

-f 

-b 

activity 

Haemolytic activity 

-f- 

+ 


Inhibition of haemolysis by normal scrum proteins 

-b 

— 


Dcrmonccrotic effect in guinea-pigs 

-b 

-b 


Toxicity to mice 

+ 

-b-b 
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The Incidence of Penicillin-sensitive Variant Colonies 
in Penicillinase-producing Strains of Staphylococcus 

pyogenes 

Bv MARY BARBER 

From the Poslgradiialc Medical School of London and SI Thomas's 
Hospital Medical School 

SUMMARY: Pcnicillinnsc-produciiig strains of Staphylococcus pyogenes isolated 
from human infections and kept under various conditions verc plated out and 
fifty colonics from each plate tested for penicillin-sensitivity to determine the per- 
manence of their resistance to penicillin. 

Of :f2 strains kept in Lemeo broth and tested once, 5-12 months after isolation, 
two yielded only penicillin-sensitive colonics and fifteen others yielded a proportion 
of such. 

Of six strains preserved hy the gelatin-ascorbic acid drying process and kept for 
over a year, only one yielded penicillin-sensitive colonies. 

Of six strains kept in Lemeo broth with and without regular subculture and tested 
at intervals for 9 months, all gave rise to at least one penicillin-sensitive variant 
colony and more than half the colonies of one strain became penicillin-sensitive. 

The natural tendency of these strains to yield penicillin-sensitive variant colonics 
was not appreciably accelerated by treatment vath X-rays or by growing them with 
other organisms. 

From many studies on penicillin-resistant staphylococci it is clear that the 
cocci display two fundamentally different types of resistance; this was first 
pointed out by Spink, Hall & Ferris (1945) and has been confirmed by many 
workers since. First, there is the type of resistance acquired in vitro bj’^ serial 
subculture of staphylococci in increasing concentrations of penicillin. The 
organisms often show gross changes in morphology, cultural characteristics 
and virulence, and tend to revert to the typical penicillin-sensitive variety after 
repeated subculture in the absence of penicillin. The resistance is not usuallj 
associated with the production of penicillinase. Bellamy & Klimek (1948), 
however, describe a strain trained in vitro to grow in penicillin ‘4mg./ml.’, 
which produced small amounts of penicillinase, but only when grown in the 
presence of penicillin. This strain had lost many of the properties of a staphj’^- 
lococcus. It consisted of Gram-negative cocci and rods and had lost the ability 
to ferment lactose, sucrose, maltose, mannitol and galactose. The second type 
of resistance occurs in strains isolated from infective processes and human 
carriers ; these strains do not differ from typical penicillin-sensitive strains of 
Staphylococcus pyogenes in morphology, cultural characteristics or virulence. As 
first pointed out by Kirby (1944), this type of resistance is characterized by the 
production of a powerful penicillin-inactivator. In reports by Spink ct al. 
( 1945 ) Bondi & Dietz (1945), Gots (1945), Barber (1947fl, b) and Barber 
& Rozwadowska-Dowzenko (1948), all penicillin-resistant strains of Staph, 
ptjogenes isolated in vivo were shown to destroy penicillin. 

During the past two years penicillin-resistant strains of Staph, pyogenes 
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were isolated at Hammersmith Hospital from 111 patients with staphylococcal 
infection, and a niimber were obtained from nasal and skin etarriers (Barber, 
1917a, h; Barber Rozwndowska-Dowzcnko, 1048). All these strains were able 
to destroy penicillin. Single colonies of penicillin-resistant cocci appearing on 
the original culture plates of human material were subcuUurcd into Lemeo 
broth and maintained in the laboratorj’, many of them for from 0 to 18 months. 
In the present investigation forty-four of these cultures were studied to de- 
termine the permanence or impermanence of their resistance to penicillin. 

SIETIIODS 

Penicillin ditch-plales. Ditches were cut at one side of Lemeo agar plates and 
filled with the same medium containing approximately 10 units pcniciUiu/ml. 
The ditch-plates were prepared 24 lir. or more before use to allow some j)cni- 
cillin to diffuse out of the ditch. As a control, the Oxfortl staphylococcus was 
streaked across every ditch-plate at the time of its use. 

Penicillinase 2 )rorluction was tested for by the method of Barber {10 \7a). 
Typing by bacteriophage. Parent and variant cultures were phnge-lypcd by 
Dr Allison by the method of IVilson & Atkinson (1015). 

BESULTS 

from thiriy^hco strains kept in Lemeo broth for 5-12 months. Tliirly- 
two strains kept, with occasional subculture, in Lemeo broth were j)lafcd 
out on Lemeo agar plates and from each plate fifty colonies were picked off and 
streaked across penicillin ditch-plates. The results arc summnrjzcd in Table 1. 
Of the 82 strains tested seventeen gave penicillin-sensitive colonics and fmm 

Table 1. Distribution of percentage of colonies of prnicillin^sensitive Staphy- 
lococcus pyogenes in thirty-txco 2 >cnicillin’Tcsistnut strains (ffly colonics of 
each strain tested.) 

No, of Rtr.ilni IVrccntnpr 

100 
> SO 
22-50 
H >-20 
4 

15 O 

two cultures all fifty colonics tested were penicillin-sensitive. All the |H*nicilhn- 
sensitive colonics appeared to hens sensitive as the Oxfonl staphylococcus ami 
all the resistant colonics grew across the ditch (PI. 1, fig. 1). No intcnnedi.'^te 
<lcgrccs of resistance were encountered. The jicnicillin-scnsiiive colonics bred 
tn>c on subculture and proveti to have lost tlicir capacity to dcslrt)y iKuicillin. 

The parent broth cultures were then plated directly on to penicillin dil<h- 
plates. The two cultures from winch only pcnicillin-.scnsili\c wlomes were 
obtained (PI. 1, fig. 2) slioweil no pcnicillin-rcsistnnt colonic-v even by this 
method, which can detect ns few as one in 10,000 resistant colonics (see BarlK-r, 
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194‘7b). The fifteen eulturcs jhelding a mixture all resembled wholly penieillin- 
rcsistant strains and no colonial variation was detectable (PI, 1, fig. 3). This is 
presumably because a few resistant organisms produce penicillinase sufficient 
to permit growth of the penicillin-sensitive organisms. In artificial mixtures 
of penicillin-sensitive and penicillin-resistant organisms the ratio of sensitive 
to resistant had to be at least 100:1 if the sensitive organisms were to be 
detected on a penicillin ditch-plate (PI. 1, fig. 4). One interesting point is that 
whereas pcnicillin-scnsitivc colonics get smaller as the penicillin is approached, 
the penicillin-resistant colonies get larger. This is particularly well seen in 
PI. 1, fig. 4. 

Variants from six strains preserved by the gelatin-ascorbic acid drying process. 
Six strains kept for over a year after drying by Stamp’s (1947) method yielded 
far fewer variants. From five of the eulturcs no penicillin-sensitive colonies were 
isolated and one strain yielded only three. 


Table 2. Incidence of picnicUlin-scnsiiivc variants in six strams kept 
under eontrolled conditions for 9 months 


No. of penicillin-sensitive colonics out of fifty tested 


A 

t - - - - ^ 


D3R DOR P193R P2C8R Sp240R P5155RR 



Tc.stcd after 

a 

b 

a 

b 

a 

b 

a 

b 

a 

b 

a* 

b 

0 weeks 

0 

0 

0 

0 

0 

0 

1 

0 

13 

5 

C 

1 

3 months 

0 

0 

0 

1 

0 

0 

0 

0 

9 

3 

5 

0 

4 months 

0 

0 

0 

1 

0 

0 

0 

0 

28 

12 

3 

0 

5 months 

0 

0 

0 

0 

0 

0 

3 

1 

25 

20 

5 

0 

0 months 

0 

0 

0 

1 

0 

0 

0 

1 

30 

25 

4 

3 

9 months 

0 

1 

0 

— 

1 

0 

0 

0 

34 

40 

41 

0 

12 months 

0 

0 

0 

— 

0 

0 

0 

■ — 

42 

31 

50 

11 


a = Subcultured twice a week in Lenico broth. 
b =Lcft on bench in Lemco broth and subculturcd every 3 months. 


- =Not tested, 

* This culture became contaminated with a bacillus between the fourth and fifth months. 


Variants from six strains kept wider controlled conditions for 9 months. Six 
cultures, were studied more carefully over a period of 9 months; five of these 
had been isolated within a few weeks .of starting the experiment and one, 
P5155RR, was a penicillin-resistant colony from a culture isolated 7 months 
previously and at that time yielding a mixture of sensitive and resistant 
colonies. One culture of each strain was subcultured twice a week in Lemco 
broth, and one was left on the bench in the same medium and subcultured once 
during the period. Each of the two series was plated out after li, 3, 4, 5, 6, 
9 and 12 months; and, except for two strains left without subculture that had 
died at 9 and 12 months, fifty colonies from each strain were tested on the 
ditch-plates. In all 600-700 colonies were tested from each of the twelve 
cultures (Table 2), From all six strains penicillin-sensitive variant colonies 
were isolated, although two yielded only a single variant' and two more only 
a few Strain Sp249R yielded an increasing number of penicillin-sensitive 
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colonics and subculture seemed to increase tlic rate of conversion. For the 
first C months strain P5155RR, when subculturcd, gave a few variant colonics 
at each test. At the ninth month, however, there were forty-one colonics and 
at the twelfth fifty. This specimen became contaminatctl with a bacillus 
between the fourth and fifth montlis. IVlicn left on the bench tJic strain yielded 
only one variant in the first 5 months and then at subsequent tests a steadily 
increasing proportion. 

As in the previous experiment, nearly all the colonies tested were cither as 
sensitive as the Oxford staphylococcus or grossly resistant, growing right 
across the penicillin ditch. Occasionally, however, colonics showed an inter- 
mediate degree of resistancej but when such streaks were emulsified in broth, 
plated on plain agar and fifty colonics again tested, a mixture of penicillin- 
sensitive and resistant organisms was found. As before, penicillin-sensitive 
colonics bred true and had lost the capneitj' to destroy penicillin. 


Attempts to stimulate variation 

Two agents were tested for power to accelerate the natural tendency of 
pcnicillinasc-producingstajihylococcitogivcrisetopcnicdlin-scnsitivcvarinnts. 

The effect of X-radiation. A dose of 1,000,000 r. (about the maximum dose 
IcaviTig any surviving staphylococci) was used on strains DO and DO, which 
naturally produced only occasional penicillin-sensitive variants. The irradiated 
cultures were plated o\it after 1, 2, 0, 12, 20 and 2C subcultures and fifty 
colonies examined. Of the 300 colonics tested fron) eacli after X-raying, none 
was penicillin-sensitive. 

The effect of mi>ingc«fi«res icitk Streptococcus pyogenes. Following the work 
of Vourcka {lQ\S),Strepiococcuspyogcnes{GToupA) was mixed with penicillin- 
resistant staphylococci. Three strains of Strej). pyo^enes^ including the strain 
lililnc used by Vourcka, and ten strains of staphylococci, some of which «crc 
juoducing many penicillin-sensitive variants and some only producing a few, 
were used. The streptococci were grown for 18-2 1 hr. in Hartley broth and the 
cultures then seeded with two drops of a broth culture of one of the sla]>hy- 
lococci. The mixtures were incubated for 21 Iir., plated and fifty staphylococcal 
colonics tostetl. Control cultures of Hartley broth, secticd with a staphylococcMis 
only, were similarly treated. There was (Tabic 3) no obvious clirTcrcnce in the 
number of variants occurring in the mixed cultures and in tlic controls. 

The effect of mixing pcmcillin-re.ustant and penicillin-sensitire strains of 
Staph, pyogenes. A penicillin-sensitive (S) strain and a penicillin-resistant 
(R) strain (03) were mixet! in the following proportions; Sfll 1:1, 

100:1. The mixtures were dividwl into two parts, one subcuUurctl twice a week 
in Lemeo broth and the other left on the bench in the same metiium. At vjuv'Ing 
intcr\*als during 5 months the mixtures were tcstctl (Table 4). The S/U 1:1 
mixture subculturcd twice a week yicldctl pcmcillin-sensitivc cfjlonics in pro- 
jKjrtions varying from 1:1 to 4:1, whereas the culture left on the 1>rnr]j pwe 
an increasing miml>cr of pcnicilUn-scnsitivc colonics untd all fifty tcslct! were 
sensitive. Evcit at this stage, however, when the culture w;w plnlctl dircetls on 
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to n ])enicillin ditch-plate, a few resistant colonics were isolated. The S/R 1 : 100 
mixture when subculturcd became and remained a nearly equal mixture and 
when left on the bench yielded a few sensitive eolonies for the first 4 months and 
suddenly at the fifth month became predominantly penicillin-sensitive. With 


Tabic 3. Incidence of •pemcilUn-scnsiiive varianh after 
mixing with Streptococcus pyogenes 

No. of penicillin-sensitive colonics oat of fiftj' tested 


, 

i\Ii.\cd with SIrep. pyogenes, strain Control ctilturcs 


Strain 

r 

Richards 

C20.T 

1 

I^Iilne 

r ■ 

1 


o 

D.-iR 

1 

0 

0 

0 


0 

DGR 

0 

0 

0 

0 


0 

Sp219R 

'i:i 

41 

.02 

.10 


44 

P5I.WRR 

1.7 

10 

15 

10 


9 

rcan.'jR 

(1 

4 

— 

8 




R7007R 

14 

l(i 



18 


— 

P700IR 

20 

20 

— 

21 




P7108R 

12 

20 

— 

33 




P20SR 

— 

— 

0 

0 




PIO-IR 

— 

— 

0 

1 





Table 4. Incidence of penicillin-sensitive colonies in mixtures of 2 )enicillin 
sensitive and jjenicillin-rcsistant strains of Staphylococcus pyogenes 
No. of penicillin-sensitive colonies out of fifty tested 

A 

S/R 1:1 S/R 1:100 S/R 100:1 


S/R 1:.1 


Tested after 

a 

b 

a 

b 

a 

b 

X-irradiation 

(Immediately) 

19 

34 

4 

— 

49 

— 

49 

2 Aveeks 

— 

— 

2 

1 

50 

50 

39 

4 or 0 Aveeks 

29 

47 

23 

3 

44 

50 

10 

2 months 

17 

48 

34 

0 

41 

50 

20 

3 months 

10 

49 

20 

3 

49 

39 

34 






48 

39 


4 months 

14 

50 

20 

7 

35 

14 

48 






34 

11 


5 months 

1C 

50* 

21 

42 

50* 

30 

50 

a Subcultured tAvice a 

AA'eek in Lemco broth. 





6 =Left on bench in Lemco broth. 






— =Not tested. 








* Penicillin-resistant colonies isolated Avhen Avhole culture 

Avas 

plated on 

a ditch-plate. 


the S/R 100:1 mixture once again there appeared to be an increase in the 
strain originally in the minority. The results obtained at the third and fourth 
months were surprising and were therefore repeated, but with similar results. 
The results with these mixtures are difficult to interpret. One explanation 
would be that the two strains grow at different rates. It is, however, possible 
that a transference of properties Avith regard to penicillin-sensitivity takes place. 

The S/R 1:1 mixtm-e ivas also subjected to X-irradiation of 1,000,000 r. to 
see whether this would affect one strain more than the other. The X-irradiated 



Variants of pcnicillinase-jtrodiicing staphjJococd 279 

mixture was then subculturcd twice a week in Lemco broth for C niontlis. It 
will be seen from Table 4 tliat the number of resistant colonies was diminished 
immediately, that it increased until the second month, after which it steadily 
decreased until at G months no resistant colonies were detected even when the 
culture was plated directly on to a penicillin ditch-plate. It seems probable 
tliat the sensith'c strain was originally more susceptible to the Ictlial action of 
irradiation, but that serial subculture, as with the SjlX 100:1 mixture not 
irradiated, led to the sensitive colonics, originally in the minority, eventually 
becoming predominant. 

Typing by bacteriophage 

Since the cultures used in these experiments were dcrivctl originally from 
single colonies, not single cells, the purity of eight strains was checked by 
comparing the phage reaction of parent cultures, t\\c variants, and cultures 
obtained from penicillin-resistant descendant colonics. In all eight strains, the 
variants were of the same phage type as the parent, and as the penicillin- 
resistant daughter colonics. 

ColoJiial variations 

A number of variations in colonial np})earancc was obsci^'cd during the 
course of these experiments, especially in c\ilturcs which had been in the 
laboratorj* for some time. The variant colonics were best seen when plates were 
incubated for 18-24 hr. and then left on the bench for a few days. Gross 
variations in colour and opacity occurred and were nppareully favoured hy 
repealed subculture, so that a single plate from n subculturcd strain often 
consisted of typical golden, white, semi-transparent and transparent colonies. 
Size variations were also very common and were more miirkwl in plates from 
the cultures that had been left on the bench without subculture, many etm- 
sisting of a large number of small pin-point colonics witlj a few larger and more 
typical ones (PI. 1, fig. 5). Another, less frequent variant occurring in sevend 
strains was a colony willi an irregular and crcnnlctlcdgc, a rough or malt surface 
tttid a dcprcsse<I centre (Pi. 1, fig. G). Ail these colonial variants retained their 
capacity to clot citrattxl or oxnlatcd plasma. Occasionally coagtilasc-ncgative 
colonics were encountered, but these were discarded as proh.ablc air con- 
taminants. There was no association between colonial nppc.aram’C and sensitivity 
to penicillin. 

DISCUSSION 

Studies on the pcnnancncc of resistance to penicillin of pcnicillinasc-producing 
staphylococci have in many crises been invalidated by the assumption th.al tlie 
individual organisms making up n culture net uniformly in their iM-hnviour to 
penicillin. Thus Ulnir, Carr A nuchman (1010) and Spink A Ferris (1947). as 
a rcsxilt of testing the whole culture, claimetl that cxilturcs of penicillinase-' 
producing staphylococci were permanently resistant to penicillin. Hut, since 
a few pcnicilliimse-prmiucingcocri may protect m.any penirillin-'ensitivccocci 
in the culture from the action of |>ciiicilhn (see P). 1, fig. 0), testing tlic uholc 
culture docs not give nn accunite picture of what is really h.aj»|>cning. 
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IJie present study makes it elcar that penicillinase-producing strains of 
pyogenes tend to give rise to penicillin-sensitive variants when kept in 
the laboratory. It is, however, obvious that the method used is not accurate 
enough for mueh relianee to be placed on the actual number of variants 
obtained at any one time. Because single colonies, not single cells, were the 
starting-point for all experiments, it is possible that the original cultures 
consisted of a mixed population. The identity of phage-type of parent and 
variant colonics of eight strains, however, make it almost certain that at least 
in these strains, the penicillin-sensitive colonics w’erc true variants of a peni- 
cillin-resistant parent. 

I have not j'et found a method of accelerating the natural variation, but this 
line of investigation is being continued. Voureka (1948) claims to have rendered 
both types of penicillin-resistant staphylococci sensitive to penicillin by mixing 
them -with other organisms, such as the Milne streptococcus. My results 
(Table 8) do not confirm this. Bennison & Schwabacher (1948) have also been 
unable to repeat Vourcka’s results. What liappens when two strains of Staph, 
pyogenes are mixed is not clear. In both S/R 1:100 and S/R 100:1 mixtures 
there was an increase in the minority strain. It is, however, possible that the 
strain in the majority was giving rise to variant colonies. 

Until we discover the mode of origin of penicillin-destroying strains of 
staphylococei, it is not possible to understand the mechanism whereby they 
give rise to penicillin-sensitive variant colonies. Three explanations have been 
put forward. The first is that this type of resistance is truly acquired by contact 
with penicillin. As pointed out by Luria (1947), this would represent an example 
of the inheritance of ah acquired characteristic, and therefore is contrary to 
the ‘ general outlook of modern biological thought ’. The second, suggested by 
Barber (1947a), is that a few strains of Staph, pyogenes have always been peni- 
cillin-resistant and are now increasing in frequency by a simple process of 
selection. This view is supported by the fact that so far it has not proved 
possible to produce this type of resistance to penicillin in vitro. The frequenej’^, 
however, with which these strains yield penicillin-sensitive variants is against 
this hypothesis. The third view, first put forward by Demerec (1945) to explain 
the origin of ‘ acquired ’ penicillin-resistance in vitro by staphylococci, and later 
by Spink & Ferris (1947) as an explanation for 'the origin of penicillinase- 
producing strains, is that these resistant organisms arise originally as rare 
mutants independent of the presence or absence of penicillin. In the presence 
of the antibiotic, however, these mutants are favoured at the expense of the 
penicillin-sensitive parent and thus increased in frequency by differential 
selection. If this hypothesis be correct then the penicillin-sensitive variants 
recorded here must be regarded as reverse mutants. Their frequency, in view 
of the difficulty of demonstrating the direct mutation, is perhaps siuprising, 
but as Luria (1947) says ‘very mutable characters often present rates of reverse 
mutations higher than the direct mutation rates ’. 

My thanks are due to Dr V. D. Allison for the phage-typing results, to Mr E. V. 
Willmott for the photographs, and to Dr A. Voureka for supplying me with a culture 
of the Milne streptococcus. 





Variants of 2 ^e} 2 iciUmas€-producing staphylococci 281 


lUZFERESCES 

BAJtDiiK, JIahy {ldl7a). Coa^wJnsC'posilivc slnphvlococci rc6i*:tant to pcolcinin. 
J. Path, Poet. 59, 373. 

BAunnn, SUrv (1917&). StnpliyJococcal inf<?ction due to pcnjcniin-rcsjslanl strains. 
Bril. nird. J. «, 803. 

BARni:R, ^LvnY & nozn'ADOwsit.v*DoM-zi:.VKO, ^fARti: (IDtS). Infection by iK-tucillin- 
Tc.si&tant staphylococci. Lnneel, «, 041. 

Bi:u-\.my, \y, D. ICujrnK, J. W. (1018). Some properties of penlcniin-TcsisUinl 
staphylococci. J. Bnct. 55, 15.9, 

Bes’-vrsON', IV. II. & Scnw'ADAcimii, H. (10 W). Sensitization of pomcii/jii-resistant 
bacteria, inner/, I, 885. 

BiAin, J. J2., Carr, Miriam A* BucirsrAS*, J. (1010). The action of penicillin on 
stapliylococci, J. Jnijutmol. 52, 281. 

IJoNt)!, A. & Diirrz, C.wierin'e (1045), I’cnic}iJin*rcsLstant staphylococci. Pror. 
Soc. eaTJ. Bio/., .Y.J’'., 60, 55. 

Dnxn:Ri;c, M. (1045). Production of staphylococcus stniins resistant to various 
conccnlmtions of penicillin. Proc. Xat. Acmf. Sei. 31, 215. 

Gots, j. S. (1015). Production of cxtraccHubr pcniciHin-inactivatint: substances 
associated svitli pcnieiilin resistance in Staph, aureus, Proc. Soc. crp. Bj'o/., .V. P., 
60, 1G5. 

Kirhy, W. M. M. (104't). li.vtractlon ofn highly potent |>cnfciiIin*inactivntor from 
IKrnkillln-rcsistant stapliylococci. Scicnec, 99, 452. 

Buria, S. K. (1047). Beoent advances in bacterial genetics. Bad. Bev. 11, 1. 

Spink, W. W., ^V. If. A Fimnis, V, (1045). Clinical significance of f-lnpliylo- 

cocci svUh natural or nertuired resistance to the kulfonnmldcs and to iK'nicillin, 
J. Amer. meO. Ass. 128, 555. 

Spink, W. W. A Fnimis, V. (1047). Penlcillin‘rcsistant staphylococci. .Mccljanisnjs 
Jnro)»*cd in the development of resistance. J. Clin. Jnvr.il. 26, 070. 

Stamp, Loro (1047). Tlic presen-ation of bnctcrin by drying. grn. 3/iVrol/io/. 1, 
251. 

VouRKKA, A. (1048). Sensitization of penicillin-resistant bacteria. LfwceU » C2. 

WiiAov, G. S. & Atkinson, J, D. (1045). *I\ 7 Mng of staphylococci by the bacterit>- 
phage nicthoil. Laned, I, Ct7, 

EXI'UVNATIOK OP PJ*\Ti2 
I'rxilcillin ditch'plalr^ ( x / ) 

Pig. I. 'l’) 7 )lcnl example of strain «ho»riog o nurture of i)cni<:ill{n-rrs|«{nnl ami wmilivc 
colonies. Ccrilnil utirakesOxford staphylocorcm. 

Pig. 2. Upper Imlfpbtctl ssilh culture IV.052, ix?nIcJ!Jja*rMi<tanl an primarj* iwiUlIon now 
RcnsitlsT, and lo^'cr half irilh the Oxford shiphylococciN. 

Pig. .9. Strain giringnine out of fifty penirilhn-vnsilisccolnnlM— .mixtiirr timfetretahlr by 
tliii melliofj. Central »trcak « Osfortl stapliylococcui. 

Pig. 4. .>flxturc of )>cni(-illin-scn'i{ivc nnd rrsMant rt.iphv bxxKX*/ irf pmpr.fticin of /<*7 
wnsitivr to 1 re^htant, .Vole griwltwl fading out of *endtne rohxiW {x-id< dhn 
nppnwclKd nnd Luge roisKint cx>Ionir< nmr iJcnWllin. Central «trrak«Oxfofd 
slaphjlococrtn. 

Colonial variitlnn» 

Pig. S. One tspind-drcrl colony and a nam1>rr oT rtnall colony i-ariintn from lamc i-uhfjfc, 

x20. 

Pig. C. Tno rmoolh coJonlrx of Sinph, p>/-::cnn and three Tough* s-arunli, x te 

(Berrived 29 SrplrtitVcr 1917) 
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The Fermentation of Trehalose by Yeasts and its 
Taxonomic Implications 

By R. J. BOUTHILET, NORA E. NEILSON*, E. M. IMRAIC 

AND II. J. PHAFF 

Division of Food Tcclinology, University of California, Berkeley 

SUMMARY : In the clnssificntionofycnstsitis customary to use an infusion of bakers’ 
yeast ns the basal medium for fermentation tests. This extract frequently contains 
variable amounts of trehalose. A number of yeasts ivere observed to ferment yeast ex- 
tract and trehalose. The fermentation of j'cast extract is serious from a taxonomic point 
of view, since it gives the impression of positive fermentation of a sugar which actually 
may not be fermentable. Dilute yeast autolysate should be used as the basal fermenta- 
tion medium since during autolysis trehalose is destroyed. The fermentation of yeast 
extract (without added sugar) is easily obser\'cd in Durham tubes by the collection 
of gas in the inserts, but when Einhom fermentation tubes are used gas production 
is seldom apparent. 

One culture (N-18) isolated from spoiled apricots, and identified as Candida tropiealis 
showed adaptive trehalose fermentation. 

The ability of various yeasts to ferment trehalose was investigated, using 133 
cultures, representing twenty genera and seventy-three species. Sixteen speeies 
representing seven genera fermented yeast extract and trehalose. 

The fermentation of trehalose is worthy of consideration as a character for use in 
differentiating certain species of Candida, and perhaps other yeasts. 

In identifying yeasts it is necessary to use a number of natural media the 
compositions of which are uncertain. Although the method of preparation may 
be well standardized, these natural media undoubtedly vary in composition 
from batch to batch. These variations were considered of sufRcient importance 
by Bedford (1942) to warrant the use of a chemically defined medium rather than 
liquid wort for studying cell and film characteristics of Hansemila spp. The use 
of chemically defined media has not been extended to the other genera of 
yeasts, principally because most yeasts grow poorly in such media, unless 
fortified with growth factors. Stelling-Dekker (1931) used fermentation media 
prepared by adding 2 % of a given sugar to a water extract of bakers’ yeast. 
This method has also been used for a number of years in our laboratory. 

During recent investigations it was observed that a strain N-18, isolated from 
home-canned apricots, and later identified as Candida tropiealis, appeared to 
ferment both maltose and lactose when the yeast-extract medium of Stelling- 
Dekker (1931) was employed in Durham fermentation tubes. In view of the 
observation of Eluyver (1931), that in general, yeasts fermenting maltose do 
not ferment lactose and vice versa, this finding seemed of interest. Custers’s 
(1940) report, that Bretlanomyces claussenii fermented maltose and lactose, is 
the only known exception to this rule. B. claussenii also ferments maltose and 
lactose when the auxanographic plate method of Lodder (1934) is used; but 
culture N-18 was found to ferment maltose and not lactose. 

* Department of Dairying, University of British Columbia, Vancouver, B.C. 
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In t!ie past three years, occasional strains of yeast in this laboratorj* have 
fermented maltose strongly and apparently fermented lactose weakly.- The 
majority of these strains were classed as belonging to the genus Candida. Wlicn 
these strains and strain N-IS were grown in ycast-extract medium without 
added carbohydrate, fermentation to asimilardcgrcc as that of lactose occurred, 
indicating the presence of a fermentable substance in the basal medium. To our 
knowledge only one similar observation has been reported in the literature. 
Sacchetti (1083) observed fermentation of plain yeast extract by certain 
Tonilopsis species, but he did not attempt to explain the phenomenon. It 
appears quite possible that in the past fermentation tests with other common 
sugars have incorrectly been termed positive in cases when gas miglit luive been 
produced from the plain yeast extract instead of the added sugar. 

Bakers’ yeast is known to contain variable amounts of the disaccharide 
trehalose, sometimes as high as 14% of the drj'-wcight {MjTbrick& Orten- 
blad, 1036), Trehalose was first found in American bakers’ yeast by Koch 
& Koch (1025), and later in Dutch bakers’ yeast by Bocscckcn (sec Khn'\'cr 
& van Roosmalen, 1032), in French bakers’ yeast by Tanrct (1031), again in 
America by Steiner &; Cori (1035) and in Sweden by MjTback (1037). Brandt 
(1041) has shown that although bakers* yeast grown under aerobic conditions 
stores considerable quantities of trehalose, it stores none under anaerobic or 
semi-anaerobic conditions. It seemed likely that the trehalose of bakers* yeast 
might be extracted during the preparation of yeast extract and would be 
responsible for the obscrve<l fermentation of plain yeast extract. This paper 
deals with the nature of the fermentable material in bakers’ yeast extract 
(Stclling-Dekkcr), the tj’pcs of yeast which arc able to fennent it and its 
possible significance in yeast taxonomy. 

EXPERtMENTAI. 

Methods. Two basal media were cmployc<l for fermentation studies, yeast 
extract and yeast autolysate. The yeast extract (Stclling-Dekkcr, 1031) was 
prepared by autoclaving a suspension of 200 g. of bakers’ yeast in 1 1. water 
for 15 min. under 15 pounds pressure, and filtering, first wlulc hot and again 
when cold. The extract may be c.asily clarified with fresh egg-albumin, or with 
a iiUcr-aid. The yeast autolysate w.as made by incubating equal weights of 
bakers’ yeast and water at 55” for 72 hr,, then bringing the mixture to a Ixiil 
and filtering with the aid of ‘fiUcr-ccl*, The yeast extract was usc<l undiluted, 
and the autolysate diluted with nine parts of water. Exccfit where not«I, 
fermentations were carric<l out in small Durham fermentation tul>cs. When 
required, 2 % of the desired carlwb^'ilratc was added to Uic bawl n}c<3ium. 

Isotaiion and idniiijicalion of the fermentahle substance in the yeast ertract 

In order to determine llic nature of tlie fermentable substance ptrvnl in 
yeast extract preparctl from Knkers’ yeast, n vacuum concentrate (5:1) of iIjc 
extract was fmclionaled with increasing concentrations of ethanol and the 
precipitates fonned were each m.adc up to original volume with water. Tlic last 



284 


B. J. Bouihilet et al. 

fnic).ion, coiiUiiniiig tlic iiinlcrial soluble in 70 % (v/v) ethanol, was evaporated 
in vftciio and the residue made up to volume, as Avere the precipitates, A sample 
of each of the fractions Avas used as a medium for fermentation tests Avith 
strain N-18. Only the fraction soluble in 70 % ethanol produced gas, indicating 
that the fermentable substance aa'as probably a simple carbohydrate. 

The unknoAvn material Avas obbiincd in quantity from A^acuum-dried yeast 
extract by the methods for the isolation and purification of sugars as outlined 
by ]\IorroAv & Sandstrom (1035). The material Avas non-reducing, and Avas 
jiroATd by specific rotation and other characteristics to be identical Avith 
trehalose. Strain N-18, and other strains forming gas in j'^east extract, fermented 
the isolated trehalose, thus indicating that it Avas responsible for the gas 
jAroduction in yeast e.xtract. 

Effect of the type of fermentation apparatus. That prcAuous Avorkers using yeast 
extract as the basal fermentation medium (Stelling-Dekker, 1931; *Lodder, 
1934'; Diddens &; Lodder, 1942) haA’^c not reported the presence of a fermentable 
substanec or the apparent combined fermentation of maltose and lactose may 
be due to the type of fermentation tube employed. The Dutch AA'orkers use 
Einhorn tubes for routine AA’ork, To clarify this point of difference, comparatiA'e 
fermentation tests Avith a number of trehalose-fermenting strains Avere made 
on the same batch of yeast-extract medium in Einhorn tubes, large Durham 
tubes (Henrici, 1941) and small Durham tubes. 

There AA^as gas ]jroduction in all Durham tubes but none in the Einhorn tubes. 
IMixing of the contents of the Einhorn tubes after scA'eral days’ groAA’th as 
recommended by the Dutch Avorkers, in order to giA^e greater sensitivity, 
resulted in only tAvo positiA’^es out of sixteen strains Avliich AA'cre jJositiA’-e in 
Durham tubes. These findings confirm the aboA’’e lijqAothesis, indicate the lesser 
sensitiAuty of the Einhorn tubes, and suggest that AA'hen Durham tubes are 
used another basal fermentation medium should be employed. 

Neither time nor method of heating yeast in Avater during the preparation of 
yeast extract appear to be important factors, since steaming at 100° for 10 min. 
or autoclaving at 120° for 5, 10, 15, 25, or 40 min., all gaA’-e similar results AA-hen 
fermentation tests AA^ere made AA'ith the resultant extracts. The concentration 
of the extract is important, since as a result of differences in manufactirre and 
yeast strain used, the trehalose content of bakers’ yeast A'-aries greatly. In one 
instance, yeast extract (Stelling-Dekker) shoAA'ed gas production in 72 lir. AA'ith 
strain N-18. When this yeast extract aa^us diluted to half strength, 4 da 5 "S were 
required for gas production, AA'hereas groAA'tli but no gas production Avas noted 
Avhen the dilution Avas greater than 1/4. Concentration of the original extract, 
on the other hand, shortened the time taken for gas formation to appear. 

Adaptive fei-mentation of trehalose 

When strain N-18 Avas groAvn on yeast-extract agar instead of Avort agar 
before inoculation into yeast-extract fermentation tubes, gas production Avas 
greater and more rapid, suggesting an adaptive mechanism. Similar results 
Avere obtained Avhen the organism Avas groAAm on a medium containing trehalose. 

Experiments conducted Avith the Warburg respirometer in anaerobic con- 
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ditioiis and the washcd-ccll technique confirmed our findings (see Fig. 1 ). Strain 
N-18 was grown on a medium containing 10% of yeast autolj-satc and 1 
added glucose or trehalose in Kolle flasks at 30° for "4 hr. Strain N-18 grown 
in 1 % glucose was unahle to adapt itself to trehalose fermentation under 



ri}*. 1. The adaptive fermentation of trrhnIo<i<* by CamUdn (1) GJiicov:*jrrown 

colls, 5 /imol. of gluco«C5 (2) phicosc-j^rown cells, 2-5 /imol, trclialfwo; (S) phjrovfrrown 
cells, endogenous; (4) trehQlo«c*Rrown cells, S/imoI. plucose; (5) treimlos<'*pn>v\-n relU, 
2 5 /(tnol. trclialosc; (0) trchajosc^prown ccIH, endoprnnus. Tcmpcmlurr n0‘; v.tlO* 
KHjI'O^ buffer. Q — > 0, plucosr-prown cells; treltaJ(Wr*pro«-n cells. 

Aimcrobic conditions svilhin *2\ hr. after contact witli the new .subslmte. On 
thc^otlier hand, when the cnlturc wav ijrown in llic presence of trchnlosc, it 
fennented the trehalose nl almost tlic same mtc ns it did phu'osc. lissentially, 
similar results were obtainctl usin|r the van llerson-Khu'^'cr fennentometer 
(see Stellin"*Dckkcr, 1031), in which conditions arc also anaerobic and little or 
no cell multiplication occurs. IVith this technique the obsersntions were 
cxlendctl over a period of about 24 hr. 

Tfiis yeast N-18 is, as far ns wc know, the first rcivjrlctl to show a distinct 
adaptive trehalose fermentation, rrcviously it was indicalfsl (llhoadcs. lOtl) 
that a beer yeast (of doubtful identity, since it apparently could lud ferment 
maltose under any conditions) and n slmin of Snccharomi/crs ermritinr fer- 
mcntctl trehalose wlien the cells were RTown on palactosc. inallovc, iticlr^iilosc 
or a-mcthylglucosidc, but not when prowii on plurosc. Ilho.adc^ usc<l Lindner’s 
well-slide technique to test fcrnicnl.'ilion, llis paper, however, leaver the 
impression that it w ould l>c desirable to rci>cat some of tlic cx|>crimcnts l^fore 
accepting the conclusions. 
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Jicco?n7nc?ukd basal mcdkitn 

Ihe problem of preparing a basal medium free of fermentable sugar was 
overcome by using a diluted yeast autolysate (as described above) rather than 
a water extnict. I\Iyrbiick & Ortcnblad (1937) demonstrated the enzyme 
trchalase in yeast autolysate and on the eell debris, and showed that the glucose 
formed by hydrolysis was fermented during autolysis. This explains why the 
stored trehalose disappears during autolysis of baker’ yeast. 

Another method of obtaining a basal ycast-c.xtract medium free of trehalose 
is to use brewers’ yeast instead of bakers’ yeast. Muntz (1876) sought trehalose 
in brewers’ yeast because of its presence in other fungi, but was unable to detect 
it. IMyrbiick & Ortcnblad (1987) also found no trehalose in brewers’ yeast, an 
obscr\’ation we were able to cojifirm with two difTerent commercial samples of 
American brewers’ yeast. The extracts of these samples failed to show gas 
production with strain N-18, unless a fermentable sugar was added. 


Fcrmenlation of trehalose and yeast extract by various yeasts 

The study of the trehalose fermentation w'as extended in the hope that some 
of the results might have taxonomic application. The first trials indicated that 
only a few yeasts belonging to the genus Candida -were strong trehalose 
fermenters, although none of the stock cultures tried compared in rate with 
strain N-18 (identified as C. tropicalis). 

If the use of trehalose fermentation would help the classification of Candida 
species or other yeasts it would well justify the addition of another sugar to 
those already used in routine fermentation and utilization tests. Several 
Avorkers have tested yeasts and other fungi for trehalose fermentation. Bau 
(1899) rejjorted that trehalose is fermented by Saccharornyces eUipsoideuSi 
S. pastorianus and Monilia Candida, but very little by the ‘Apiculate yeasts’ 
or ScMzosaccharomyces. Lindner (1887) found other yeasts capable of fermenting 
trehalose, namely Monilia Candida, Saccharornyces anomahis, Sacch. pastorianus, 
Sacch. ellipsoidcus and several unnamed bottom yeasts. He reported that only 
five out of thirty-seven cultures of wild yeast were unable to ferment trehalose. 
Unfortunately, it is not even possible to speculate as to the identitj'^ of these 
yeasts. Kluyver & Roosmalen (1932) shoAved that Tonda dattila KluyA^er, and 
Saccharornyces cerevisiae Basse van Delft fermented trehalose sIoAvty, but Tonda 
monosa Kluyver and Tonda lactosa Kluyver Avere unable to do so. Slyrback 
& Ortcnblad (1936) obtained A’^ariable results in tests on the fermentation of 
added trehalose by bakers’ yeast; in some cases a sIoav fermentation occurred, 
whereas in others no gas Avas observed. On the other hand, dried yeast pre- 
parations made from samples of the same bakers’ yeast fermented trehalose 
very well, indicating the presence of the enzjnne system necessary for the 
fermentation of this sugar. BreAvers’ yeast (bottom yeast) AA'as found to ferment 
added trehalose regularly but slbAvly. 

We have checked the fermentation of yeast extract (autoclaved equal Aveights 
of Avater and bakers’ yeast) by 133 cultures representing tAventy genera and 
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seventy-three species. The fermentation of added trehalose (1 %) in diluted 
yeast autolysate, prepared as previously described, was also examined. ^lost 
tests were repeated at least once. Of the large number of cultures tised, only 
sixteen species, representing seven genera of yeasts, were jwsitivc for the 
fermentation of yeast extract and trehalose. In all cases, when tlic fenncnlation 
of plain yeast extract was positive, gas production in the autolysate plus nddc<l 
trehalose was also positive. There were some instances, however, when gas 
production occurred in the trehalose tubes but not in the ycast-cxtracl tubes. 
When these tests were repeated with a more concentrated yeast extract and 
longer incubation period, gas production occurred in the ycast-cxtrnct tubes ns 
well ns the trehalose tubes. These fermentation tests arc discussed in more 
detail in connexion with the various genera investigated. 

Gc/iiw Candida. If trehalose fermentation has any value ns a character in 
yeast classification it should be so with certain species in the genus Candida. 
This is particularly true of C. albicans and C. iropicalis, the definitions of wliich 
(Diddens & Lodder, 1942) arc quite broad and inclusive. Thirteen cuUurc-s of 
C. aliiearw, from various sources, were tested and seven produced gas' in ycasl 
extract ns well as in the tubes with autolysate 4* trehalose. Six cultures were 
non-fermentative, two being cultures of ltfnckinrion’s(191G)norfnal and variant 
strains. The variant, which was considered negative, showed a qucstionahle 
fermentation in 13 days. 

Two of three cultures of C. (ropicalis gave positive fermentations. The 
identity of the culture wliich gave a negative fermentation is in our opinion 
questionable. The fermentation of trehalose by C. Iropicalis is of particular 
interest, since strain N-18 and several other organisms isolated by us from 
cheese, olives, grapes, dates and soil, and cajiablc of fennenting trehalose, arc 
cultures of C. tropicalis, or are very* similar to it. These are organisms llml 
appeared to ferment both maltose and Inclose in ycasl-cxtrnct media, whereas 
nctunlly they can fennent only maltose. 

Two strains of C. slcUaioidea and one slated to be C. deformans (probably 
C. lipolytica or C, zeylatwidcs), were jiosilivc for yeast extract, and trehalose. 
The following organisms grew, but fnilc<I to produce gas in cither j'cast c.xtracl, 
or autolysate plus trehalose; fourteen strains of C. kmsci; five of C. chalmrrsi 
{C.parapsilosis); two of C.psew(lo/ropiVflfw;nndoncslraincachof C. .^uorroinir 
(C. humicola)* C. guillirrnwtidii^ C, Jlarcri (C. intermedia), C, intermedia, 
C. hrxtmpti, C. zeylatwides var. rnacroslossiay C.parakmsei (C.parapsilosis) nn<l 
C. 2Jclll^tlosa. 

Genus Saccharomyccs. Sixty-three strains representing eleven species of tins 
genus were tried. Only five strains were positive. In this genus the strongest 
fermenter of Iwth yc.ast extract and trehalose was a hybrid, iS". earUlter’ 
gensis x S. cerrvisiae obtained from Dr C. Ijindcgrcn. This is of interest since 
the four strains of »S\ carlsbergensis tested were negative and of the tlnrly-l'\o 
strains of S. cerevUiae usc<1, only one received from Sao Paulo, llntTal, was 
weakly positive. One strain each of S. italictts and 5. ecrnHeiae Un*>^efulliens{r 
showe<l positive fermentation. In IP-IC a culture of Saccharomyces, sho^\jn;; 
ability lofcnncnt both maltose ami lactose, was jsolatetl from s|Muletl fruit. 
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Unfortunately the culture was lost, but in all probability the unusual fermenta- 
tion characteristic of this yeast was likewise an artefact. 

The following were negative for the fermentation of yeast extract and 
trehalose: eight strains of S. ccrcvisiac var. ellipsoideus; four of S. iubiformis; 
three of S. oviformis; two of S.fiagilis; two of S. cJiodati; and one strain each 
of S. exiguns, S. pasloriamis, S. pyrifonnis and S. thermaniiionum {S. cerevisiae 
var. cUipaoidens). 

Subgcmis Zj'gosaccharomyccs, Seventeen strains representing twelve speeies 
were used. Only two strains, both Z. ptini, were weakly positive. These strains 
were negative after 5 days in yeast extract prepared aeeording to Stelling- 
Dckker (19.31); when a much more concentrated extract and twelve days’ 
ineubation were used they were positive. Organisms not showing fermentation 
w’crc : two strains of Z. barlccri ; two of Z.japomcus var. Soya ; two of Z. bisporus ; 
and one strain each of Z. viarxianus, Z. nadsonii, Z. pasiori, Z. addifaciens, 
Z. globiformis, Z. richicri and Z. laclis. 

Genus Hansenula. Of thirty-seven strains representing seven species only 
five strains were fermenters of trehalose. After 10 days of incubation only one 
of six strains of II. anomala and three out of nine strains of H. anomala var. 
longa were positive. The results obtained with the variety 'longa' were quite 
variable, depending on the concentration of yeast extract and period of 
incubation. Similar results were obtained -with a single strain of R. ciferri. 
Those showing no fermentation were seven strains of H. anomala var. spherica; 
six of H. saiurmis; three of H. subpelliailosa; and one strain each of H. schnegii, 
II. lambica and 11. anomala var. heteromorpha. 

Genus Debaryomyces, Only three strains were tried but two {D. globosus 
and D. matruchoti) Avere quite strongly positive, whereas D. tyrocola was 
negative. 

Torulaspora. A single strain, T.fermentati Avas positive, and one of T. delbriicki 
negative, 

Nematospora. N. coryli (one strain) was one of the strongest gas-producers 
in yeast extract as rvell as in trehalose. 

Torulopsis. Eight strains representing eight species Avere tried. Only 
T. alaciosa (T. holmii Rasse Delft) Avas unquestionably posith’-e. T. dattila 
produced a fcAV small bubbles. Kluyver & A-^an Roosmalen (1932) also reported 
this to be a sIoav fermenter of trehalose. Those shoAA’ing no fermentation AA'ere: 
tAVO strains of T.pulcherrima ( C.pulcherrima) ; T.fermentans; T. kefir; T. monosa ; 
T, californicus. 

Genus Brettanomyces. A single strain identified as B. hruxellensis failed to 
show any fermentation. HoAveA’-er, tAvo strains isolated from Irish beer and 
tentatively identified as Brettanomyces species fermented both yeast extract 
and trehalose rapidly. 

Other genera. All other strains tried Avere negatiA’-e. These Avere; Schizo- 
saccharomyces octosporus and Sch. pombe; Saccharomycoides ludwigii; Endo- 
mycopsis selenospora, E. albicans, E. capsularis and E. lindneri; Endomyces 
magnusii] Schwanniomyces occidenialis; Pichia chodati, P.fermentans, P. kluy- 
veri and P. membranaefaciens; Zygopichia chevalieri; Zygohansenula calif arnica; 
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Nadsoniafulvcscens; Eremothecixim ashbyi; Schizoblastosporion starkcut-henricii 
and Kloeckcra africana and K, Undneri. 

The autliors are indebted to Dr Carl Lindcgren for the culture of Sncdinronv/ccs 
cerei'isiae x carlsbfrgensis, to Dr Juan Maetdnnon for thc.normal and variant strains 
of Candida albicans, and to Dr L. ^Vickc^llam for several of the other strains used. 
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The Susceptibility of Viruses to Ethyl Ether 

By C. H. ANDREWES ano DOROTHY M. HORSTMANN 
From the National Institute for Medical Jlcscarch, London, N.W. 3 

SUMMARY : We have examined by a uniform teclinique the sensitivity of twenty- 
five viruses to ethyl ether. Evidence of the sensitivity of ten other viruses is available 
from the literature. Viruses seem to be cither very sensitive or highly resistant. Of 
the viruses pathogenic to animals, most of the resistant ones are either in the pox 
group or amongst the verj' small viruses. Tiic results ma}' prove of use to workers 
Avho at limes need to separate one virus from mixture with others or vath bacteria. 
The findings may also be of value in any attempt at virus classification. 

Many records attest that some viruses, notably those of vaccinia and polio- 
myelitis, are highly resistant to inactivation by ethyl ether. A recent paper by 
Sulkin & Zarafonetis (1947) reports that three insect-borne encephalitis viruses 
(St Louis, Western and Eastern equine encephalomyelitis viruses) are in 
contrast highly susceptible; that of rabies was found, like poliomyelitis, to be 
resistant. We were led to test the action of ether on a variety of viruses, to 
determine how widespread in the group ether-resistance might be. 

Methods 

■ The application of a single simple technique to these viruses w'as important. 
We employed pure anaesthetic ethyl ether (May & Baker, London); this was 
free from demonstrable peroxides and aldehydes. Tissue suspensions or gradocol 
membrane filtrates of them were made up in Hartley’s broth containing 10 % 
horse-serum; 20% ether by volume was added and the mixture placed in 
a screw-capped bottle. Adhesive tape was bound round the cap to reduce any 
risk of loss of ether. After being shaken, the bottle was held at •+• 4° for 18-24 hr. 
Control specimens were treated similarly but Avithout ether. In many instances, 
some opalescence or a little readily dispersed precipitate appeared in ether- 
treated specimens. As a rule little or no layering of ether above the virus 
suspension ivas visible after overnight contact. Ether was removed by pouring 
the specimen into an uncovered Petri dish and allowing evaporation to occur 
at room temperature; this Avas rapid, no smell of ether being detected after 
10 min. Control and treated specimens Avere then titrated in the appropriate 
Avay in susceptible animals or fertile eggs. Any variation from this technique 
is recorded in the text. 

RESULTS 

The viruses tested Avere found, in general, to be either Avholly resistant to this 
ether treatment or else highly susceptible. The susceptible viruses mostly had 
their titre reduced a thousand-fold or more. One or tAvo, hoAvever, infected 
initially only in low dilutions, and an estimate of the amount of inactivation 
Avas not possible. The viruses tested Avill be discussed seriatim. In almost all 
cases several tests Avere carried out and the results Avere concordant. In the 
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following account, thc%’iruses we have tested ourselves arc numbered; otlicrs, 
the ether sensitivity of which is mentioned in the literature, are referred to but 
not numbered. The factors by which the titres of the various virus preparations 
were diminished arc recorded in Table 1. In the ether-resistant group there 
was no demonstrable drop in litre. 

Group I. Psiliacosis-lt/mphogranulotm group 

(i) Mouse pnetimonitis (Xigg, 19-t2rt). This virus, obtained from our own 
laboratorj' mice, was titrated by inoculating centrifuged lung-suspensions 
intranasally into mice, which were killed 7 days later. Material producing 
extensive lesions but no deaths at 10“* dilution, was, after ctljer treatment, 
inactive even when undiluted; 25% ether was used. 

(ii) Feline pneu7nonitis (Baker, 1944). A virus, provisionally idcntiric<l thus, 
was obtained from a cat suffering from chronic catarrh; it was pathogenic for 
mice and was titrated as for the last virus. Material producing pneumonia at 
10"^ dilution was inactive even undiluted after ether treatment. 

Psittacosis (Gordon, 1930-1) and Lytnphogranuloma venereum viniscs (Nigg, 
19426) arc reported to be susceptible to ether. 

Group II, Pox group 

(iii) Vaccinia virus of Salnnian’s rabbit dermal strain was used in the form 
of centrifuged suspensions of infected testis and of washed elementary bodies 
from rabbit skin. Dr A. S. McFarlanc kindly provided the latter. Tlic virus >\us 
titrated by intradcnnal inoculation of shaved rabbit skin. Material active at 
10’* lind an identical litre after treatment. Tests on several rabbits g.avc llic 
same results. 

(iv) Infectious ectromcUa. Filtrates of infected mouse lung of the Moscow 
strain of vinzs were titrated by intraplantar inoculation of mice. Thc‘*c were 
obseivcd for the development of local lesions and death. Material usc<l infected 
mice in a 10'* dilution, both before and after ether treatment. In one oxjieri- 
ment, a little (< 10-fold) drop in titre was seen if lesions were used todctcnnltie 
the end-point, but if dcatli was tlic criterion, the ctherir.cd vims was the more 
active. 

(v) Contagious pustular dermatitis. IVnshctl elementary l>odies sent us by 
Mr F. Blnkcmorc were tilratcil by nibbing falling dilutions into 'scarified areas 
of rabbits’ skins. Definite lesions developed but their occurrence was rather 
irregular, so that one Imd no confidence in reading an end-point. It ajiiwaml. 
however, that tlie ether treatment afTcclcd the litre little or not at all. 

Goat'pox and sheep-pox arc rcportcil by Bennett, Horgan A Ifasccb (I9tt) 
to l>c resistant to ether. 

Group in. Other relatively large viruses {prohalhj heterogeneous) 

(vi) Itahhit nxyroma, given us by Dr E. W. Hur^t, was useil as a triitrifugcd 
suspension of infcctetl testis and titratetl by intradcnnal imK'ulalion into 
rabbits. The titre, in three rabbits, fell respectively from 10“* to lO-i, 10'* to 
10'% 10~* to 10\ 
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(vii) liabhii fibroma (OA strain), similarly prepared and titrated, fell in titre 
respectively from 1 0-= to a negative at lO® and from lO-* to lO-^. The occurrence 
of generalized lesions obscured the readings after about the fifth day. • 

(viii) Grcij-hnig virus (Andrewes & Glover, 1945). This virus of mice was 
titrated in the same way as was Nigg mouse-pneumonitis. Suspensions gave 
extensive lung lesions at 10-‘ and even this was not an end-point; undiluted 
ethci’-treatcd ^'irus was inactive. 

(ix) Herpes simpilex. A fairly reccntlj’^ isolated (Syatt) strain was passed 
through rabbit testes. It gave lesions on intradcrmal inoculation of rabbits 
only to a titre of 1:100 or 1:10. This activit}^ was quite abolished by ether 
treatment. On passage through mouse-brains it attained an intracerebral titre 
in mice of 10““; again etherized virus was inactive. 

(x) B. virus (Sabin, 1934). This virus, which is related to that of herpes, was 
sent bj'^ Dr E. W. Hurst, A centrifuged suspension of infected rabbit brain was 
titrated intradcrmally in rabbits. This produced lesions only when undiluted 
or diluted 1/10. Etherized virus was inactive. 

Rabies virus was found by Sulkin & Zarafonetis (1947) to be ether-resistant; 
the}’’ quote worlc, how'ever, which suggests that diflerent strains differ in ether 
resistance. 

Group IV. Influenza group 

(xi) Influenza A (PR8 strain). Infective allantoic fluid was titrated by 
allantoic inoculation into groups, usually of three eggs; fluids from these were 
tested for haemagglutinating activity. In three experiments titres dropjjed as 
a result of ether treatment, from 10“® to 10“^, 10“® to 10“-, 10“^“ to 10“- 
respectively. Mouse-lung filtrate titrated similarly in eggs dropped from 10“® 
to lO". Material, whether derived from eggs or mice, gave similar results when 
titrated by intranasal inoculation of mice. The drops in titre obtained were 
from 10“^ to <10" (mouse-lung filtrate); and >10“® to lO'^ and 10“® to 10“^ 
(allantoic fluid). 

(xii) Influenza B (Lee strain). Results with Influenza B were much the same 
as with A. Ether treatment of allantoic fluid reduced the titre about 100-fold 
when titrations were made in mice. With allantoic titrations ether treatment 
caused a drop from 10“’ to 10“^. 

(xiii) Mumps. Infected allantoic fluid was titrated allantoically, groups of 
three eggs being used for each dilution. The drop in titre produced by ether 
treatment was from 10“’ to 10“". 

(xiv) Fowl plague. Virus in infected allantoic fluid was titrated in eggs as 
described for influenza. The drop in titre in a representative experiment was 
from 10“’ to 10“^— a 1000-fold. 

(xv) Neweastle-disease virus was similarly examined and the titre fell 
10®-fold, from 10“® to 10“®. 

Group V. Tumour viruses 

The Rouse sarcoma and papilloma viruses are considered together here, 
though it is unlikely that they are related. 

'(x-\d) Bous sar- , Filtrates of tumours were titrated by intramuscular 
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injection into the breasts and legs of chicks about C ^^ecks old; the tumours 
produced by control filtrates of any one strength were very uniform in size in 
the six chicks in -the experiment. Control nintcrinl was active at a dilution of 
1 : 1000. After ether treatment tumours of comparable size were produced only 
by undiluted filtrate. 

(xvii) liabbii ■papilloma. The warts tested had been kept in glycerol for 
12 years and extracts only produced warts on scarification of rabbits’ skins 
when applied undiluted. The ether-treated virus cxtnicLs proved, however, 
equally active with controls. (Drop in litre: nil). 

Group VI. Arthropod-transmitted viruses 
(xviii) Yellozc fever. A ncurotropic virus was received from Dr D. ,1. Hauer; 
centrifuged suspensions of infected brains were inoculated intraccrcbrnlly in 
mice and produced deaths up to a dilution of 10“®. Virus treated with 25% 
ether only did so when given undiluted. (Drop in titre 10*.) 

Owing to lack of accommodation in our isolation rooms we carried out only 
single experiments with the following two viruses. 

(xix) Uift-valleij fever. Liver suspensions from an infected mouse, again sent 
by Dr D. J. Bauer, were titrated intrapcritoneally in mice. Control m.atcrial 
infecte<l to a titre of 10’*, ether trc.ntcd (20%) undiluted, doubtfully at 1 :100. 

(.\x) Louping-ill. Infective mouse brain, titrated intracercbrally in mice, 
was active at 10"’. Etherized virus lnfcctc<l only to a dilution of 10“*. This 
virus was prosdded by Dr D. G. fi', Edward, The drop in titre of not more than 
10* is less than that of other viruses in the ether-sensitive groups. It is the 
smallest virus in this group and may show a transition in properties to 
group VII. 

(xxi) hymphoctfiic chorio-memugitis. This virus is potentially arthrojwd- 
transmitted, though this is probably not the nomud route. Its similarity in 
size to the otlicrs makes it, however, conveniently consjdercti in this group. 
Since many infected mice do not die, n sharp end-point in (itndions of this 
virus is notoriously dilTicult to achieve. The ^VE stniin we usc<l was provided 
by Dr F. O. ^lacCnllum. Brain suspensions were titrated intmeerchrally in 
mice and were active at 10"* dilution. Ether-treated suspensions were inactive. 

The viruses of St lAuns, eastern and xcestmt rptine encephnlomyrlitis wen: 
reported by Sulkin Sc Zarnfonetis (1017) to be inactivulctl by contact with 
10 or 20% ether for 2 hr. at 37“. The drop in litre was of (he order of lO^.fold. 

Group VII. S77iall I'inises 

(xxii) r«rr;)Wo»if/rifii> (FA strain, Thcilcr A: Gnrd 1010). This virus 

ililTcrs in some properties from Theilcr’s original (TO) mouse encephalomyelitis. 
Mouse-brain suspensions were, in our hands, infective for mire intracrn-hnilly 
to a litre of I0-* and equally so after ether (rc.itment, IVc tims e<mfinnH 
previous reports by Thciler Ganl (1910) and others. (I)roj» in liln-; nil ) 
Therenre plentiful rei>orlssince that of Taylor Amoss(1017)of the resistance 
of human jxiliomyclitis vmis to ether. Sulkin A Z.arafoTictis (ll»t7) found that 



294- C. H. Andy'ewcs and Dorothy M. Ilorstmann 

the Lansing strain of poliomyelitis virus mixed with ether (to give a final 
concentration of 95 % etiier and 10“" virus) and shaken for 2 hr. at 37°/ 
showed no loss of infcctivity. 

Foot-and-mouth disease: Dr I, A. Galloway kindly allows us to quote some 
cxjjcrimcnts carried out at the Virus Research Institute, Pirbright, Ether, 
33’8%, was added to potent virus in scrum (titre 10~* and 10~^ in two 
experiments). After short contact at —22° the ether was removed and the virus 
found to be still potent. The ether-treated virus was not titrated. 

Group VIII. Bacterial viruses 

(.xxiii-xxv) Three phages of different sizes, the relatively large staph K, the 
intermediate coli-phage CSC and the very small dysentery phage Sl3 were 
treated with ether under tlie same conditions as with animal viruses. The 
litres of the three were 4xl07ml., SxloymL and 2 xl 07 ml. before ether 
treatment, and no appreciable drop in litre was produced by ether in any 
instance. 

Tobacco-mosaic virus. A report by Allard (1916) suggests that tobacco- 
mosaic virus is probably ctlicr resistant. 

Conditio7is affecting the action of ether 

Medium. Several viruses, notably influenza and herpes, were tested as 
suspensions of tissues derived from different hosts and no evidence was 
obtained suggesting that such differences affected the results. In some experi- 
ments with influenza, it appeared that the titre of material diluted a 100-fold 
in saline was diminished more by etherization than that of a similar suspension 
in serum broth, but the differences were not large. Ectromelia and FA viruses 
and phage CSC diluted in saline were still wholly resistant to ether. We carried 
out no experiment on the effect of ether on purified viruses. 

Temperature. McFarlane (1942) has shown that lipid can be extracted from 
plasma by ether treatment below — 20°, where extraction at higher temperatures 
is less complete. We found that the drop in litre caused by ether treatment of 
influenza A, mumps and fowl plague was greater at —76° than at +4°, 
10®-fold as against 10^-fold in an experiment with influenza A titrated in eggs, 
10®-fold as against 10®-fold with mumps, and 10®-fold against 10®-fold in a trial 
with fowl plague. The results were not regular and in one trial with Newcastle 
disease virus no difference was detected. The resistant viruses vaccinia, ectro- 
melia, FA-encephalomyelitis, rabbit papilloma and phage C36 were still fully 
resistant when treated at —76°. 

Ether concentration. The tissue extracts studied were approximately saturated 
by the 20 % of ether added. The few experiments we carried out wdth weaker 
(10 %) or stronger (25-40 %) ether indicated that many sensitive viruses were 
definitely affected even by 10 % ether, and that increasing the amount of ether 
did not succeed in inactivating the resistant ones. Such results accord with 
those of Sulkin & Zarafonetis. One would not expect addition of ether above 
the saturation point to affect the results. 
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DISCUSSIOX 

In Table 1 viruses are arranged vertically, roughly according to size, and to riglit 
or left according to their resistance to ether. The ranges of size were allotted 
in consultation with our colleague Dr W. J. Elford, and are largely bnsc<l on 
measurements reviewed by him (Elford, 1038), Study of such an arrangement 


Table 1, Viruses arranged according io ether sensitiviUj 
andt roughlt/t size 


Group and 
size range 

Ethcr-sensftlve 

Group and 
size range 

Ethcr-rrsUtnnt 

I. 1T5-330 m/I. 

Feline pneumonitis ( > 10*J 

n. 150-200 m/I. 

Vaccinia 

irr. 130-200 in/i. 

Mouse pneumonitis (>10’J 
(PsittneosU) 
(Lymphogranuloma 
venereum) 

Grey lung virus [>t0'| 


Infectious cctromeUa 
? Conlnpous pustular 
dermatitis 
(Goat-pox) 

(Sheep-l>ox) 

Rabbit mj'xoma (lO’-lO*) 


(Rabies) 

W. CO-1 20 m/f. 

V. 73 m/i. 

Rabbit fibroma [Ifl’J 

Herpes simplex [>10*] 

B, Virus (>101 

Influcnro A 

Influenta B (10*-I0<j 

Mumps tio‘] 

Fowl plague (10*1 

Newcastle disease (10*] 

Rous sarcoma (10*J 

30-50 nyi. 

Rabbit papilloma 

VI. 20-G3 m/i. 

Lymphoc>'llc choriomenin- 

Vin. 50-75 m/i. 

Bacteriophage Staph. K 


gitis (>10*1 

20-00 m/i. 

Bfleteriophftgc C.ao 


Rift smiley fever (10*] 

&-l2m/i. 

Bacteriophage Sia 


(St Ix)uis cncrplmtitis [lO*]) 
(Western equine cnccplmlo. 
myelitis (10*J) 

VII. 8-15 m/I, 

(Foot-and-nmulh diwjvvr) 


(Fjxstcrn equine enceplinlo- 
myclilfs (lO’j) 

VcUow fever [10*J 

I..ouplng.|ll [10*j 

(Ituman |>ohomyelltU) 
Mouse cnreplualoinyclitis 
(I'.i) 


viruses In round Lmckets liavc been examined by olbcr workers, usually by techniques 
rather different, from our own. The foctor by which tbe tUrc of eacli ethcr-srnslijvr virus 
preparation >Tas diminished is citeil In square brockets. 


may l>c helpful in enabling one to approach a little nearer to a classification of 
viruses. Many viruses which wc had no opportunity to study will not full 
conveniently into any of tlic rough groupings wc liavc itscsl in llii^ paper mid 
in the lahle. There is an interesting and perhaps significant correlation between 
our results and those of Wilson Smith (1039) on the hilc-salt sensitivity nf 
viruses. He found by experiment or from rccortls in the litcmturt that the 
following (all cthcr-sensitivc) were innclivate<l by bile suits: influrnra 
loupingdll, Uous sarcoma; whereas poliomyelitis, foot-and-mouth dKease, 
vaccinia and cclroniclia, nil cthcr-rtsistanl, also rcsistwl bile salts, llalues 
however, is said to be cthcr-rcsislant, ycl scnsitis'c to bile salts. It was 
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certainly resistant in Sulkin & Zarafonetis’s tests, but according to Remlinger 
(3019) is slowly inactivated when infected brain is immersed in pure ether. 
Psittacosis, on the other hand, according to Burnet & Lush (1040), is resistant 
to bile-salts, though we fnid it cther-scnsitivc. On the whole the viruses which 
wc have found to be ether-resistant arc ‘tough’ viruses, viruses which can be 
left at room temperature without fear that they will quickly lose activity. The 
ether-sensitive ones arc, on the whole, more delicate. 

A few discrepancies in our results must be mentioned. Influenza A and 
B virus were invariably reduced 10'*-fold or more in titre by ether when titrated 
allantoicall 3 ^■ when, however, mouse inoculation was used, a few of our earlier 
c.vpcrimcnts, especially with Influenza B virus of low titre, showed little or no 
inactivation. Again, vaccinia was apparcntl}'^ wholl^’^ resistant whenever 
titrated intradcrmally in rabbits, but, according to our colleague Dr K. R. Dum- 
bcll, showed a drop in titre after ether treatment when titrated by counting 
pocks on the chorioallantoic membrane. Using this same technique Dr F. O. 
MacCallum found a similar elTect of ether on variola. As j^et, our efforts to 
account for these discrepancies have been unsuccessful. Other workers seem 
agreed that influenza viruses arc ordinarily ether-sensitive, while vaccinia is not. 

One cannot readily correlate our findings with what is known of the chemical 
composition of viruses. Viruses knovm to contain both protein and lipids 
occur in both sensitive and resistant categories. Possibly the arrangement of 
the virus-components is important — wliether or not, for instance, lipid occurs 
on the surface of the particles. One cannot easily e.xclude the possibility that 
in apparent inactivation by ether, aggregation at times pla 3 's a part. Such 
aggregation has, however, been equally apparent in preparations of sensitive 
and resistant viruses. Aggregates formed have been largely broken up by 
gentle shaking. Moreover, the complete inactivation or 1000-fold drop in titre 
shown by most of the sensitive viruses can certainl 3 ' not be explained in 
such a way. 

We wish to thank tlic workers named in the text and others who have kindly 
supplied us with material for test. One of us (D.M.H.) was in receipt of a travelling 
fellowship from the National Institute of Health, 3Vnshington. 
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The Investigation of Influenza and Related Viruses in the 
Electron Microscope, by a New Technique 

By I. ]\I. DAWSON and W. J. ELFORD 
Nalioual Institute for Medical Research, Londoii, N.W. 3, 

SUMMARY : Inniiciizn and related viruses were studied by a new method in wliich 
virus is adsorbed on tlie membranes of lakcd fowl red cells for examination in the 
electron microscope. The numbers of virus particles adsorbed per unit area of red-cell 
membrane Avcrc estimated from direct counts in micrographs of palladium-shadowed 
and unshadowed specimens. There was a definite saturation level of adsorption for 
each strain of virus, the value varying also according to the particular batch of cells 
and their age after storage at 0°. For subsatiiration conditions the number of 
particles adsorbed was proportional to the concentration of virus and the con- 
centration of cells, and a function both of time of contact and temperature. The 
relationships were complicated by the fact that elution began before adsorption was 
complete. 

The comparative data for the size and variation of these ^druses were obtained from 
micrographs of preparations directly adsorbed from infective allantoic fluid and thus 
not subjected to harsh methods of purification. The mean sizes (m//) found for the 
dried vims were : influenza A virus, 90 ±11-5; influenza B vims, 103 ± 8 ; fowl-plague 
virus, 101 ±10,- Ncwcastle-disease \drus, 193 + 28; and mumps -vims, 179 + 28. 

The occurrence of long forms associated with influenza B virus was confirmed and 
filamentous structures were demonstrated for the first time in preparations of a 
strain of fowl-plague vims. 

The red-cell agglutination first described by Hirst (1941, 1942) and McClelland 
& Hare (1941) for influenza virus and fowl erythrocytes has proved of great 
value as a basis for the assay of influenza and related viruses. Attempts to 
elucidate the process of this agglutination have given some information on the 
mechanism of attack of a virus on a susceptible cell, particular!}'- on the initial 
phases of adsorption and penetration. An excellent sur^"ey of the lines of 
approach so far taken in this vital problem has been recentlj'- given by Burnet 
(1948). Our own interest in this field developed during investigations of the 
physical properties of the influenza, Newcastle disease, fowl plague and mumps 
group of viruses fElford, Chu, Dawson, Dudgeon, Fulton & Smiles, 1948), 
where the hac! Mnation test was extensively applied, and it w'as thought 

ihat t ' i' be more clearly understood if direct optical evidence 

u, . btained. The sizes of the viruses, 70-150 m/i, lie on 
‘ . ' esolution of the ultra-violet light microscope. In 

’ /; s of the virus of Newcastle disease, taken in col- 

j-i; , Mr J, Smiles anri ''fr F. W. Welch, some adsorbed 

^ . 1/4 optical sei taken through the cell; but 

t , were such , , ■ " convincing evidence -was 

? pe appe the obvious tool for the 

n adeq ,, he sole requirement for 

arin ■ en. 

, non for another reason. 
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Influenza ajid related viruses 

In our early electron microscope studies of the morpholep' of the viruses of 
this group we had to examine material which had been purified by prolonged 
centrifugation at high speeds. The effecLs of such strong gravitational fields 
on virus morphology were quite unkno^Ti, but it was suspected tliat a con- 
siderable amount of distortion could take place. Although we had a reasonably 
good correlation between infcctivity and the numbers of particles seen on the 
micrograph, we were uncertain whether all the material was vinis, or whether 
in fact it had contained associated material in the same size range ns the virus. 


Tins was particularly the case with Ncwcastlc-discase virus, where purified 
preparations showed particles of similar size b\it of widely differing stnicluro. 
The variability of Ncwcastlc-discase virus preparations has been noted by 
otlier workers (Cuuha, AVeil, Beard, Taylor, Sharp A*. Beard, 1947 ; Bang, 19 10, 
1947, 1948). There is another objection to the isolation of viruses by centri- 
fugation; it yields a limited range of particle sizes for study. Successful 
isolation depends on the ability to select particles of n given size range from 
materials of a wide range of size and density* Tlie technique may have serious 
limitations when evidence of ttie mode of virus multiplication is required. ere 
the process one of simple binary' fission the narrow range of size of the particles 
isolated would be sufficient to contain all the relevant vims particles, and the 
loss of larger particles during centrifugation would be immaterial. Tlicrc is. 
however, no real reason to suppose that this is tlie ease. Shouhl the muitipfica- 
tion he characterized by fornis greatly above or below tlic modal size then 
losses during centrifugation may well be responsible for our failure to delect 
essential links in the cliaiu of development. Adsorption to red cells, on the other 
hand, seemed ideal for our purpose, being presumably independent of size .and 
density of the particles, the two properties predominantly made use of in 


previous methods of purification. 

The intact red cell is too thick for electron microscopy by ordinarj' tnms- 
mission methods; and examination of its surface stnicturc hj the repfim 
tecliniquc is beset by as yet unsolved diflicuUics. However, Wolpers (1941) las 
shown tliat the ghosts of human cr>'tIirocytcs lysed osmotically exm be sueecs',- 
fully photographed in the electron microscope, with or without fixation by 
osmic acid. Likewise, Dawson & McFarlanc (unpublishwi) found the Inkctl 
avian cn'throcytc to possess ideal thickness and contrast propcxtiis for clwlnm 
microscopy. For example, in the photograph of a shndowenst preparation in 
PI. 1, fig. 1 the folds and also a considerable degree of fine structure in the 
membrane arc well shown. TIic membrane is approximately C m/i thick ami is 
therefore quite thin cnougli to net ns a support for virus partic cs in Imns- 
mission, as distinct from replica, sliidics of virus adsorption, n iicnza sini 
adsorbed on such Inked cell membranes g.ave a clear picture of t he vmis jodics 
(Dawson & ElfonI, 1949), and we Imvc now 

viruses in this group. During thecourseof the work ITcmmc s ( . ) pu ) let 

Some micrographs of purified influenza vims adM>rI>od on the ru mn am nirn.aa 
erj-throcvtcs. He was concerned solrfy to demonstrate the adsundion ana 
examined onlv purifictl virus material: no data on the quantitatnc aspec s 
the adsorption phenomenon were reported. 


*o-j 
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METHODS AND MATERIALS 

Fowl red cells -were haemolysed with saponin according to the method of 
Dounce & Lan (1913) and the laked cells washed thoroughly with 0’9 % saline 
m/ 33 phosphate pH G-7. After a given period of contact with vims at 0° the 
cells were centrifuged and the deposit, resuspended in 0-9 % saline, fixed in 
O'l % osmic acid and washed with distilled water several times by spinning at 
500 r.p.m. for 5 min. and discarding the supernatant fluid. The cells were then 
mounted directly from the distilled water suspension on ordinary electron 
microscope disks with supporting collodion film. As the suspension settles on 
the film the concentration of cells is checked under the optical microscope, and 
adjusted by pipetting off the excess suspension or adding more of the original 
material until there are about six cells deposited in each field of 0-01 mm,^. The 
specimen is then examined by direct transmission or after shadow-casting with 
gold or palladium. Where the laked cells are in high concentration there is 
considerable folding of the membrane during the drying. For counts of particles 
on the membrane it is always possible by careful mounting to obtain flat 
uniform fields with minimum folding. The area to which the count relates is 
measured on the photographic plate by a planimeter and the number of virus 
particles per square micron {/i~) of the cell surface determined. ' 

Strums of viruses. The following viruses were tested. 

The PR 8 strain of influenza A and the Lee strain of influenza B. Each has 
been passaged in 10-day eggs and harvested on the twelfth day. 

Newcastle disease — ‘ Herts ’ strain kindly supplied by Dr T, M. Dojde, 

Fowl plague — ‘Dutch’ strain also supplied by Dr T. M. Doyle. 

Newcastle-disease virus and fowl-plague virus were each passaged in the 
allantois in 10-day hen’s eggs and the virus harvested after 36 Itr. incubation 
at 37°. 

Mumps — Enders EMA 41 strain kindly sent to us by Dr H. Koprowski. This 
virus was passaged in the allantois in 8-day eggs and harvested after 4 days’ 
incubation at 35°. 

Virus assay. The red-cell agglutination was carried out aecording to Salk 
(1944). The limiting infective dilution (n.i.D.) was determined by inoculating 
serial 10-fold dilutions of the virus into eggs of the appropriate age (see 
Beveridge & Burnet, 1946). 

Concentrations of cells. Red and laked cell suspensions were counted in 
a haemocytometer cell. 

Abbreviations, [virus] and [cells] = concentration of virus and of cells 
respectively. 

RESULTS 

The adsorption of influenza viruses 

Influenza virus was readily adsorbed from the impurified allantoic or amniotic 
fluid of infected hens’ eggs. PI. 2, fig. 3 and PI. 4, fig. 9, show cell membranes 
on which influenza B virus has been adsorbed, and PI. 1, fig. 2 and PI. 4, fig. 8 
the corresponding micrographs of influenza A. The virus particles occur singly 
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and in groups in the membrane s\irface and are not distributed in any obvious 
pattern. There is verj’ little interference caused by ndsorbet:! non-viral allantoic 
material, which is relatively small both in size and quantity. No particles of 
the size and shape of influenza virus were seen on cells exposed to allantoic 
fluid from normal eggs; and chemicnl analysis for protein confinned tliat the 
amount of adsorbed material was small. With concentrated prepanitions of 
influenza \irus it was possible to pack the surface of the membrane with virus 
particles as illustrated in PI. 2, fig. 4. The packing arrangement gives no obvious 
indication of any geometric pattern of receptor groups on the membrane 
surface. Admittedly the arrangement is complicated by the fact lliat uc 
obscr\’c simultaneously' the particles which lie on the upper surface of the 
specimen and also those underneath, which arc covered by two thicknesses of 
cell membrane. The results do indicate, however, that adsorption is the out- 
come of a direct interaction between each virus particle and the cell mcmbnmc, 
and is not a process whereby the initial adsori)tion of a few Wins particles 
provides foci for the aggregation of more virus particles in that area ; that is, a 
process analogous to ordinary chemical crj'stallizat ion. Vims adsorbed at 0® may 
be eluted by incubating at 37®. Such eluted virus can be readsorbed on to fresh 
membranes. Chemical analysis and the examination of a scries of microgr.aplis 
both show that there is less associated non-viral protein on the cell membrane 
after adsorption of eluted virus. lnlliicnz.a virus inactivated for 30 min. at 
CO® is readily adsorbed, but cannot subsequently be eluted by incubation; tliis 
confirms the findings of Hirst (1942). There were no morphological diirerciices 
between influenza A virus particles adsorbed directly from allantoic fluid, or 
after heat-inactivation; or readsorbc<l after elution. 

Virus was adsorbed on to intact red cells which were then hacrnolysed with 
saponin. The membranes were quite free of virus; in the laking process the 
vims had apparently been eluted. This result emphasized the need of very 
thorough washing of the lakcd cells in order to remove tniccs of saponin wliich 
could inhibit subsequent adsorption. Influenza vims was successfully adsorbcti 
in the range of maximum stability, pll 5*5~7*C. We found tliat Ixith vims and 
cells could be stored at 0® for several weeks without serious deterioration, as 
judged from subsequent micrographs. 


The adsorption of the viruses of Xnccastle disease, fozrl 
plague and vwmps 

Our earlier studies of these viniscs (Elfonl et al, 1948) were made with 
ccntrifugally purified prcp.arations. Elementary particles of the s ims of fowl 
plague were relatively uniform in size and shape, but those of mumps niul 
Newcjustlc-di'ic.asc vimscs were variable iKith in size and morjihology. The* 
correct interj^retation of this npp.arcnl j>lcomor7>hism has hitherto Irrrn 
uncertain. Does it represent n variable vims stmelure, or is it largely inducr<l 
by excessive manipulation of the virus during purification? InvrstipiUon of 
the crfccls of v.arioiis electrolyte concentrations on the disjM r^ion of Ncw ca'tlr- 
disease virus by Bang (1917, 10 IS) and out own oburvalion^ on ijunfird 
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concentrates of the virus (Elford cl al. 1948) led to the conclusion that much of 
the variability in form was due to deleterious treatment of the virus. The laked- 
ecH adsorption technique gives further evidence. The mean sizes of all the 
viruses in the group (Table 1} and the scatter of the sizes (Fig, 2) were deter- 
mined. In each instance 200 virus particles were measured from micrographs 
of unshadowed specimens. When particles were oval in outline the larger 


Table 1. Comparative data on the sizes of the viruses of the injliienza, Newcastle 
disease, fowl plague and nmmps group, in dried preparations 


Virus 

Strain 

General morphology 

Mean size and 
standard deviation (m/x) 

Influenza A 

P.R. 8 

Hound bodies with sharp 

00 + 11-5 

Influenza B 

Lee 

outline 

Bound bodies ■with sharp 

103 + 8 

Fowl plague 

Dutch 

outline 

Associated long forms 

Round bodies with rather 

110 

(up to 4/t long) 

101 ±16 

Newcastle 

Herts 

diffuse outline ; apparently 
flattened 

Associated long forms 

Round and oval bodies with 

80 width 
(up to 6/1 long) 

193 ±28 

tJiscaso 

Mumps 

Enders 

shaqp outline 

Round and oval bodies; 

' 179±28 

E.M.A. 41 '' 

appreciably flattened 


dimension was measured. The measurement (microseope calibration) is accurate 
to within ± 5 % of the true value. It is noteworthy that the figures are for 
virus fixed with osmic acid. Whether air-dried, osmic-acid fixed material, or 
air-dried unfixed material more nearly represents the virus in its normal state 
is possibly rather an academic question. The shrinkage occurring when fixed 
material is dried is generally more symmetrical than is the case with unfixed 
material. The measurements in Table 1 and Fig. 1 are reliable because they are 
made on preparations subjected to the minimum amount of manipulation. 

With mumps (PI. 3, fig. 7) and Newcastle-discase (PI. 3, fig. 6) viruses there 
is indeed a rather wide variation in the size of adsorbed particles. Mumps virus 
dries very flat on the membrane with an overall size range, 100-260 mp, and 
a mean of 179 + 28 mp (Fig, 1). Newcastle-disease virus dried in a variable 
manner. Sometimes the shadowed image indicated a round flat body and at 
others an ovoid shape. The range of particle size was 140-270 mp with the 
mean 193 ± 28 m/(. 

The whole question of morphological variation among viruses must clearly 
be reconsidered in the light of the striking micrographs of fowl-plague and 
influenza B viruses directly adsorbed from freshly harvested allantoic fluid. 
In addition to the normal round bodies of fowl-plague virus 101 ± 16 mp in 
diameter (PI. 3, fig. 5), there are filaments up to 6/i in length and averaging 
80 m/i in width, which in some instances are terminated by a spherical mass 
100 mp in diameter. These filaments would be lost during filtration and spinning 
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and vfc have been able to detect them only by the adsorption method. PI. 2, 
fig. 3 and PI. 4, fig. 10 show the analogous but nithcr less-striking result witli 
influenza B vims. Long forms in infiucnza-infcctcd allantoic fluid have already 
been reported by Mosley & M’yekofT (1946) for the PRS and Weiss strains of 
influenza A and the Lee strain of influenza B. The morphological and develop- 
mental significance of these anomalous forms can be clucidatc<l only by 
examination of vims material in various stages of development. Up to the 
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Vlg. 1. The (lislribullon of jjartielc sizes {n preparations of inflticnw nnd rehtcfl vini^c*. 
TIjc figures refer to the mean size value in m/t for each rectnnglc in the histognirns. 


present no .such filamentous slmctures have bceit encountered in normal 
allantoic fluid nnd tlicy arc not associ/ited in any way with the original red-rclj 
preparation. The fact that long fonns arc, like the round particles, adsorbed to 
the red cell suggests that both have a similar surface structure. I’urlhcrinore, 
these long forms arc not a feature only of aged nnd partially dcgcncralcil vims, 
since nil our observations were made on fresh mnterjnl. We have idso suoccedctl 
in eluting botli long and round fonns from jidsorbcd hc.at-trcated foul-plnppio 
virus, ns happens with influenza vims, by treatment with .specific nnliserum. 
Tliis constitutes additional evidence of a sirnilnrity in the .‘•urfacc structure of 
the round nnd long forms. 


Thf factors iujlumcing adsorittion 

Virus eo»ier«fra/io7». A constant mimlxT of lakc<l ret! cells was addrti to 
a given volume of each of three susj>cnsions of inthicnzii vimv at <iifTcrrnt 
concentrations. After 15 min. contact at o'* the rell>, were ccntrif«ge<l ami the 
virus ncKorbed on tlio membranes coiinteih Table U gives the reviilts of such 
an experiment with influenza B vinis (sec also PI. -I, figs. p-ll). 

Clearly the specific adsorption is directly pn»i>orliorml to the eone»'ntralion 
of virus for the prevailing conditions, and this ivlatioi^slnp r.'ui !>e rxj>eetrtl 
hold so long ns the ratio (cells] to [virus] i*i Mich tlml full vtlunilton rrf the 
membrane surfaw is not np]>n>aclic<l. 
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Cell coiiccniTatiou, liic results with a wider range of cell and virus con- 
centrations arc given in Table 8, which records experiments all done with one 
batch of ret! cells. With the concentrated virus, prepared by adsorption from 
allantoic fluid on to laked cells at 0°, followed by elution at 37° in a reduced 


Table 2. The effect of virus concentration on the number of influenza B particles 
adsorbed per unit area of red-cell membrane, in a suspension of lalced red 
cells (a X 10®/ml.) 


Dilution of 

Virus 

hacmagglutinin 

Area 

P.artieic 


virus (cluntc) 

litre 

counted (/i=) 

count 

Particles//i= 

10« 

12800 

40-7 

010 

22 

10-1 

1280 

71-5 

130 

1-9 

10-= 

128 

040 

13 

0-2 


Table 3. The effect of variation in concentration of influenza B virus and laked 
cells on the mmber of virus particles adsorbed j)er unit area of red-cell 
membrane 


E.vp. 

Haemag- 
glutinin 
titro of 

Laked cells 

PnrticJc 

Area 

counted 


Percentage 
decrease in 
liaemagglutinin 
litre after 

no. 

vims 

(million/ml.) 

count 

(/!=) 

Particlcs//i= 

adsorption 

1 

32000 

12 

844 

28 

30 

90-99 

2 

82000 

3 

723 

25 

29 

<50 

3 

. 32000 

0-75 

580 

lC-4 

35 

<50 

4 

3200 

12 

110 

28 

4 

90 

5 

3200 

3 

340 

25 

14 

<50 

6 

3200 

0-75 

543 

21 

20 

<50 

7 

3200 

3 

408 

21 

22 


8 

3200 

3 

470 

13-5 

35 




Exps. 1-7, contact 15 min. at 0°; Exp. 8, 15 min. at 37°. 
In Exps. 7 and 8 the virus was heated 30 min. at 55-5°. 


volume of 0-9 % saline-phosphate pH 6-7, the number of particles adsorbed 
per unit area, within the error of measurement, was the same for each [cell]; 
i.e. the adsorption capacity of the receptors on the cell surface had been saturated 
in each instance. When the [virus] was diminished lO-fold, saturation was 
approached only for the lowest [cells]. Several experiments have yielded 
a definite saturation value which varies widely with different batches of cells. 

Heat treatment of virus. Virus heated for 30 min. at 55-5° was adsorbed, under . 
otherwise similar conditions, to a greater extent than was normal virus (Table 3, 
Exps. 5 and 7). The increase was even more pronounced when the heat- 
treated virus was adsorbed at 37° (Exp. 8). We have already noted that heated 
virus is not readily eluted ; so that the dynamics of its adsorption differ from 
those of normal virus. Since the time of contact between virus and cells in our 
experiments was constant throughout, the results indicate that in the absence 
of spontaneous elution the rate of adsorption increases with increase in 
temperature. The improved adsorption of heat-treated virus was also manifest 
when three successive amounts of virus were adsorbed on the same cells (Table 4). 
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There is clearly an increment in the number of particles adsorbed for each 
successive treatment in subsaturation conditions. Similar experiments with 
normal fresh vims gave rather inconsistent figures. In some cases there was no 
apparent increase in the count of adsorbed vims, and in others t!\cre was 
a slight rise. The complicating factor of spontaneous elution supcrimposctl on 
the cflcct of diff^ent [%’irus] : [cells] ratios probably accounted for the variable 
results, and their evaluation would demand far more extensive sUulics. 

Table 4. The effect of successive adsorptions of heat-treated injlueiiza B virus 
upon the same red-cell me7nhrane, on the number of virus particles adsorbed 


per unit area 

No. of 
adsorption 

Particle 

count 

Area 

cotintcd (/i*) 

Purticles//d 

1 

124 

25 

5 

2 

110 

12 

0 

a 

13G 

8 

ir 


[Vims]; hacmagghilintn litre ICOO initiaHy. 800 after hentinp. 
[Cells] ss a X 10*/m!. Contacts! 15 inin. at 6*. 


Table 5. The effect of temperature on the decree of adsorption of injluema 
li per unit area of laUed red-cell tnctn6rnnr 


Temperature 

CC.) 

Particle 

count 

Area 

counted (/^*) 

Partlclcs//d 

0 

aio 

10 

10-5 

20 

288 

15 

19 

ar 

270 

25*5 

10-5 


[Vims]; Imrntnpsldtinin litre sslWV). 
[CcUs]tBi*5x Contoct«15 min. 


The effect of temperature. The effect of Icntpcraturc on the degree of adsorp- 
tion of nonnal influenza 13 virus from allantoic fluid was also investigates! 
(Table 5). 

The figures arc consistent witli the view that there arc two opposing pro- 
cesses until positive Uiough different tcmpcmlurc cocfllcicnts. The rate of 
elution ntO* is relatively small; it increases much more mpidly with tcm|>craturc 
than docs the rate of adsorption, appearing to overLake it in the region of HO”*, 
where the number of particles remaining adsorbetl after 15 rnin. is maximum. 

The injlttence of time; the adsorption isolhenn. Mixtures of vinjs and Inkctl 
cells, kept at 0® with periodic shaking, were sampled at inler\*a!s and the 
adsorjdion curves for each of the viniscs was dctcrminetl for pcnwls up to il Iir. 
In some instances prcliminarj* ohscn'alions on the rate of elution were made. 

(i) Infuenzavints. Our preliminary results with two strains of influenza vjrus 
confinnctl the findings of Hirst (1042). Thccun*cs for influenza A and influenza 
H arc given in Fig. 2a. Tlic rale of adsorption of tijc 13 stniiri was such that no 
significant increase in virus concentrations on the cell membrane was nolo! 
after 5 min. With the A strain, on the other hand, adsorption did not .apjjn'.ncli 
completion until after 100 min. 
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(ii) Fowl-plague virus. The {jarticlc count/unit area of membrane reached a 
steady IiigJi value after 10 min., suggesting that saturation liad been reached 
for tile prevailing conditions (Fig. 2b). 



Fig. 2(«). The adsorption isotherm for influenza virus strains A and B. 



Fig. 2(6). .Adsorption isotherm for Newcastle-discase virus and for fowl-plague virus. 


(hi 
60 mi 

ig- 


iscase vims. The adsorption in this case ivas a maximum after 
creased to the extent of nearly 50 % during the next hour 

r observations foi s virus indicate that here, too, 

’ for freshly ha heated virus, and therefore 
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portray the combined cfTect of adsorption and elution at 0“. The form of the 
curve for Newcastlc-discase vinis suggests that the rate of elution is in this ease 
appreciable even at this low temperature. 

Elution of virus. Our observations on the elution of llie individual Auruscs 
indicate that whereas influenza B virus is eluted to the extent of 90 % or more 
in 1 hr. at 87®, Ncwcastle-dlscase and fowl*plaguc viruses arc mueli more 
tenacious, 25% still remaining on the membrane after 1 hr. Accepting the 
current view that elution is determined by enzymic action as a result of which 
the receptor linkage is destroyed, we can explain these findings by assuming 
that a proportion of thcAurus particles arc without enzyme, or, that the enzyme 
varies in its specificity and stability from vims to virus. A further point 
arising from our elution experiments concerns the appearance of tlic membrane 
after the elution of virus. No alteration could be detected. ^Vc conclude that 
the receptor groups arc relatively small elements in discrete areas of tlic cell 
membrane. 


DISCUSSION 

The adsorption method of preparing viruses for electron microscopy has three 
outstanding advantages. (1) It is simple and saves much time and effort in 
preparing specimens. Vinisas that ordinarily require 2-3 lir. high speed centri- 
fugation for their sedimentation, can, when adsorbed on thcrcd-ccll membranes, 
be deposited in 5 min. at low speeds. The specimens may thus be quickly 
w’nshcd several times and mountc<l without any harsh treatment. (2) The 
specificity of the adsorjHion means that viruses, in freshly huneslcd ijjj^eclcd 
(luids, are quickly freed from protein and other products. The possibility 
thus afforded of examining the virus at quite short intcn'als after the 
initiation of infection is being exploited in the hope of obtaining new evidence 
of the morphology of viruses during the most active pimse of tnattiplication. 
(3) Direct counts of the virus particles actually adsorbed on the niembrnncs 
can be used to explore certain cell-virus relationships under variwl conditions. 
TliC virus is well distributed on the mcnjbrancs and tlicre is no tendency to the 
aggregation that frequently mars preparations made hy drying (hrcclly on 
a collodion film. 

The method is limited to viruses that can be ndsorlicd on the rctl-cell 
mcmbriinc. We arc, liowcvcr, studying the dissociated hacnugglutinins, a^s 
obtained with vaccinia virus, with promising results. Tlic structure of the 
membrane itself is also under investigation, and already some direct tr:ms- 
mission micrographs of the osmic-ncid fixctl membrane have given evidence of 
a strongly electron-adsorbing material distribiitcsl in tlic form of a relatively 
open network svithin tlic membranes. 

A full undcrstiinding of tlic intcr.attion of Inked reti cell and s’lnis tlcmnnds 
more data concerning the spontaneous elution of vims, hnl tlic faet-v so f.’ir 
C-stal)lishe<I clearly indicate the extent to which the net nrlsorjUion is ilepcndcnt 
upon vims concentration, cell concentration, time and temperature. The 
membrane appears to po'-sess a definite specific adsorption cnp.neity. Tins 
saturation level varies with llic particular batch of cells .and their age, i.e. tune 
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of storage at 0° after preparation. For freshly made suspensions the observed 
average saturation values in experiments with influenza B was close to 40//4”, 
with a variation of as much as + 20. The mean particle diameter for influenza 
B virus was 10<3 m/<. Hence the area covered by forty such particles is 0-3S/i^ 
indicating that G7 % of the membrane surface remains uncovered. Hanig 
(1048), working with PR 8 influenza A and using haemagglutinin litres for 
deducing the adsorption on intact red cells, calculated that only l/80th of the 
surface was covered at saturation, the number of virus partieles/cell being 
298, The saturation level of adsorption in Exp. 1, Table 3, with influenza B was 
30 per with a [cells] = 12 x 10®/ml. The total surface area of a laked fowl red 
cell from electron micrographs is 1-8 x 10-« sq.cm., and the average number of 
virus particles adsorbcd/cell is calculated to be 5-4 x 10^, Therefore the total 
virus adsorbed from 1 ml. suspension was 0-5x10'®, and this from, the hae- 
magglutination test represented 90-99 % of the virus. Unfortunately, we had 
not determined the limiting infective dilution of this virus suspension. Clearly 
here is a means of determining the approximate number of virus particles/ml. 
We found it 2 )ossible to jiack considerably more particles on the surface by using 
a sufficiently concentrated suspension of virus. The lack of any geometric 
arrangement in such close packing suggests that the excess virus may be held 
non-spccificallj'^ b}'^ aggregation rather than by attacliment to residual receptor 
groups. Alternatively, the force of attraction between the receptors and virus 
might vary because the receptor groups are not all equally accessible; for 
example, they might be distributed in more than one plane. 

A knowledge of the adsorption and elution curves for the viruses is essential 
for devising optimum conditions of purification. We have already pointed out 
the advantages of using laked cell suspensions instead of intact red cells (Elford 
et al. 1948), Furthermore, the data of adsorption and elution may form a useful 
basis for characterizing viruses within the group; even strains of influenza 
viruses A and B behave quite differently. 

The observations that will probably arouse great interest are those revealing 
the long forms associated with fowl-plague and influenza B viruses. The 
existence of the filamentous forms does not alter the fact that the round 
elementary particle is the morphological unit, capable, when injected into the 
host, of multiplying and giving rise to the typical symptoms of the particular 
disease. It would be premature to regard these long forms as being a phase in 
virus multiplication, but their close association with the elementary virus bodies 
in freshly harvested infective fluids and the similarity of their surfaces with 
regard to combination with red cells or antibody are suggestive. Inspection of 
the lower membrane in PI. 2, fig. 3 reveals both circular bodies of influenza 
B virus, 100 m/i in diameter, and rod-like forms up to 750 m/i long. We are 
trying to determine whether or not these rods represent a stage in the develop- 
ment of the still larger forms up to 2/t long that are occasionally seen. 

The ratio of the sizes of the largest to the smallest forms of the elementary 
virus bodies is much the same for all members of this group, namely 2 to 
2-5:1. The scatter of sizes is characteristic for each virus preparation studied. 
Thus with the viruses of influenza A and B and of fowl plague (Fig. 1) there is 
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a definite peak at the mean-size value, whereas with Ncwcastlc*discnse virus 
and particularly with munips virus the distribution is more even. It is in- 
structive to consider the general character of the dried vims particle on the 
membrane. The elementary bodies of influenza A and B yielded sharjdy defined 
images with appreciable shadows indicating a heightrbase ratio {h\b) of the 
order 0-25 and 0-8 respectively; and for fowl-plague vims a ratio of c. 0-25. 
Newcastle-diseasc virus was more variable, with a greater proportion of 
flattened types, the h\h being c. 0*125-0-2. Mumps vims appeared as a flat 
circular body with an h\h of c. 0‘1. The distribution of sizes and the slnicttirc 
and mode of drj'ing of the virus particle arc clearly related. lufomiatiou is 
needed about the manner in which a particle dries in relation to its structtJrc, 
density, surface properties, interfacial tension with tlie si:;)porting surface, 
and to the medium and conditions of drjnng. Tliat dried vims particles niay 
yield vastly different images according to their previous treatment ts especially 
clear from our studies of Newcastlc-disease and m\imps vims pm-ified by four 
to six centrifugal washings in dilute electrolyte and then mounted and dried 
on collodion film. The clcmcntarj' bodies of mumps vims had a mean size 
140 + 80 in/t with an hih of c. 0-3, The disparity between this and our present 
figure is doubtless clue to factors modifying the process of drying. 

Our figures for the sizes and distribution of the elementary particles of 
influenza viruses A and B are in good agreement with those of Sharp, Taylor, 
McLean, Beard Sc Beard (1944) (see also Beard, IPiS) and LnufTcr k Stanley 
(104 1). The strain of Ncwcastic-discasc virus we have studied is different from 
the strains reported upon by American workers (Cunlm ct ah 1917; Bang, 1910, 
1947, 1918), but our latest obscrs’atioiis support our earlier views of the mor- 
phology of the vims (Elford el ah 1948). Wo found jione of the gross pleo- 
morphism evident in micrographs of centrifuged concentrates of the virus. 
Our data for mumps vims agree well with those of Weil, Beard, Sharp k Beard 
(1048) for the same strain. To our knowledge no clcctron-microscopc studies on 
fowl-plague vims, other than our own, have as yet been publishetl and tlic 
value 101 ±10 nip for the mean size of this vims adsorbed on the red-ccII 
membrane nccortls well with the value 8.8 + 15111/' we obtaincil earlier fnnn 
measurements on purified vims. 

The investigation of these viruses by the new technitpic luis gcncmlly 
sxibstantiatcd the conclusions reached in iMrlicr work nntl greatly clarifies tlic 
morphology of these vimses. At the same time it lias confinned the existence 
of filamentous forms of influenza B virus and dcmonstrntetl f»>r the first time 
similar stmeture in preparations of fowl-plague vims. 

The purified preparations of Xcwcastlc-<liseasc, foul-plague and mumps 
vimses examined in our c.arlicr work, we arc now convinccfl, consisted cssrntially 

of vims without any large proportion of associatctl material. Xcvcrlliclcss, in 
some instances they may not h.ave been representative of the vims in its 
original stale, in that certain filamentous structures were inadvertrnlly 
discanlcd during the purification. 

We gratefully ncknow!«lgc the help rreehTtl fmm our rotlrngues Dn C. II. 
Andrewes, T. Fulton and T. H, llcuetl in |ui$saging the viruvcis aiuJ mnt!\jcting 
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infccLivily tests from time to time. We also LImnk Dr A, Isaacs for Iiis co-operation 
in the experiments demonstrating the displacement of influenza virus from the 
membrane by specific antibody. 
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I. M. Dawson and W. J. Elfoud — Influenza and related viruses. Plate 4 
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EXPL,VN’ATIOX OP rl*,\TES 

I*LATn 1 

Fig. 1. Laked fo«l crythrocjie shadowcasi willi palladium. The cell nudous npjwar^ as an 
oval vldlc body to Uie right of the field. The cell membrane Is folded. 

Fig. 2. Laked fosvlcrj’lhrocyte svith adsorbedinfluenza A virus, slmdoucast with palladium. 
The virus particles appear as small disks on the membrane surface. 

2 

Fig. 0. Transmission micrograph of lakctl fowl crj'throcytcs with adsorlicd innuenr.! 
B virus. 

Fig. 4. Laked fowl crythroej'te with a high concentmtion of ndsorbisl influenza B virus to 
illustrate the random arrangement of \*irus on close packing. Preparation shadowc.ast 
»rith paHnilhim. 

Fig. 5. Laked fowl cr^dhrocyle with ndsorbrtt fotrl-plapic virus, .showing the miin<l 
elementary bodies and associated long fomw. Prejiaration shadowcasl svith pall.adium. 

Fig. C. Laked fowl crj^hrocyte with ndsotlicd virus of Newcastle disease. Preparation 
shadow-cast with palladium. 

Fig. 7. I^kcd fowl erythrocyte svilh adsorl>cd mumps xinis. Preparation slwdow-c.'isl with 
palladium. 

I»LATn 4 

Fig. 8. Transmission micrograph of Lakc<l fowl erythrocyte with ndsnrlwl Innurnui A (PUS) 

^irus. 

Figs. 0, 10 and 11. Laked fowl crj-throcitc ntembroncs with sueccssive IdO dilutions of 
inliuenza B virus ndsorl)cd on Uic membnme. Fig. 10 shows two of the clmnictrrlstle 
long forms associated with Influenza B virus. Tliese forms are readily distJnpii'hablc 
from folds In the cell membrane also xisiblc In this micropijph. All preparations 
shndowcast with pnlhidium. 


{licceivcd 10 Xoirmbirr 104S) 
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steel plate {g). The rest of the paper, after passing over a glass support {h), 
hangs vertically in the tank. The cncl-closurc {j) and the support {k) which holds 
the glass rods and stainless steel plate, are welded on to the end of the trough, 
which is supported in tlic tank on in. diameter stainless rod {m) fixed If in. 
below the top. 

Paper and solvenfs. When single-dimensional chromatograms are being used 
to study the changes produced Ijy micro-organisms in a complex medium such 
as an ncid-hydrol 5 ^satc of casein, paper and solvent must be so chosen as to 
give the best possible separation of the amino-acids on the paper. At present 
no better combination has been found than Whatman No. 4 paper (22i by 
18f in.) with 7!-butanol + acetic acid mixture as solvent (Partridge, 1948). 
Adequate separation is obtained overnight (1C hr.), the solvent front usually 
passing off the paper in this time. For two-dimensional chromatography 
phenol is used as solvent for the second run at right angles to the first. Leucine 
cannot be separated from fso-leucine nor valine from methionine with this 
combination. 

u-Butanol is redistilled before use and only the fraction distilling between 116 
and 118° is used. The -butanol -f acetic acid mixture is made bj’^ adding 30 ml. 
of glacial acetic acid (Analar) to 250 ml. of a 50/50 (v/v) mixture of 7!-butanoI 
and water, in a graduated 250 ml. cylinder. After shaking, the mixture rapidly 
separates into two layers, the bottom one having a volume of 90 ml. Any 
marked variation from this volume indicates that something is wrong, usually 
that the butanol is impure or the acetic acid below strength. The amount of 
acetic acid added is fairly critical. The bottom aqueous layer (aqueous acetic 
acid saturated with butanol), is separated and placed in a beaker in the bottom 
of the tank. This should be changed for every run. The top, butanol, layer 
(butanol saturated with aqueous acetic acid), is used in the trough for running 
the chromatogram. It is not satisfactory to use this solvent again as ester 
formation takes place; only sufficient should be made for the number of 
chromatograms to be run at one time. 

Any good-grade phenol is usually satisfactory, and a trace of colour does not 
seem to affect the separation of the amino-acids or to produce an unsatisfactory 
solvent front. It was found convenient to buy phenol in 500 g. amounts and 
to liquefy this with 225 ml, water. On solution and shaking, an emulsion forms 
which often needs a day to clear; phenol saturated with water is the heavier 
phase; this is used in the trough. When a rapid separation of the emulsion is 
obtained, the material is likely to prove unsatisfactory. A beaker of Avater 
saturated with phenol is placed in the bottom of the tank; this need be changed 
only at long intervals. 

When using phenol or 7i-butanol + acetic acid mixture a beaker of water is also 
placed in the tank as this aids the attainment of equilibrium conditions. Any 
phenol solution remaining in a trough after a run can be returned to a stock 
bottle and used again after resaturating with Avater. ‘Collidine’, a crude 
product consisting mainly of trimethylpyridines, has also been used. This 
material needs purification before use and because of its unpleasant penetrating 
odour, its greater sensitivity to changes of temperature than either w-butanol-f 
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acetic acid mixture or phenol, and the diniciilly in chitiii" material from 
cliromatograms nm with it is for this reason not favoured in this laboratory. 

Temperature. Because the solvents used arc saturated with water at a dennite 
temperature, any large temperature variations during a run may cause the 
appearance of a second phase consisting of water saturated with solvent, or the 
solvent may not remain saturated. In either ease unsivtisfactory chroniato* 
grams arc produec<l. As already mcntioiKxl, ‘collidine* is particularly sensitive 
to such changes; a rise of less than 1® will cause cloudiness in a water-saturated 
‘collidine* solution. Phenol and the «-butaiiol4*acctic acid mixture arc very 
much less affected by temperature changes and will tolerate variations of 
+ 2® about a mean without the chromatograms being scrjously arTcclctl. 
Chromatograms employing these Inst two sol vents can be run between 15 and no* 
without much effect ontheseparation obtainable, tlic higher tcmpcralurcsgiving 
faster running chromatograms. The probleni of temperature control therefon' 
resolves itself, with these two solvents, into holding tank tempcnilurcs stcatly 
to within ±2® of any temperature l>ctwccn and 30° for a period of about 
1C hr. This was possible under all but the most excc]>tionnl climatic conditions 
by keeping the binks in an ordinary room with nil windows closed and heating 
the room electrically, the electric heaters being Uicrmostatically controlled and 
of suincient capacity to deal with the nipid dro[> in tempendure somcliines 
experienced at niglit at certain times of the year. Tlie tanks should stand well 
away from the windows. 

Both phenol and ««bulanol-|- acetic acid mixture nm off tlic paper in IC hr. 
Often this does not matter, but it may be necessary at times to study material 
moving very close to the solvent front. By adjusting the amount of solvent 
in the trough it is possible to regulate the distance the solvent frotxt travels; 
25 ml. is sutheient to allow the solvent front to remain on the paper when tlic 
chromatogram is run ulotjg the 22j in. length of a slicct of No, 4 Whatman 
paper. Tlic pnj>cr should, however, be removed froni the tank ns soon ns 
possible after tlic front has become stationary; otherwise the spots lose their 
sharpness because of difTusiotu 

Preparation of paper. IVhen comparisons have to be made of single-dimen- 
sional chromatograms of culture-filtrates run for various pcrioils, ’jonie 
standardization of spot size and, therefore, of volume of materia! put on the 
paper at the starting line, is ncccssaiy. This may be done uilhoul difnetdly 
by a very simple procedure. Chromatograms arc nonnnlly run in tlic long 
direction of the paper. A base line is drawn at right angles to the 221 in. edge. 
The distance of this line from the top of the pajicr is such that the sjKit'; will be 
clear of the glass sup|>orting-rod and on tlie side away frt»m the trough when 
the paper is in position. Bosilions for spots are marked along this line, starling 
1 in. from the side and with | in. Ijclwccn spots. .\t 0 2 in. from this line and 
parallel to it a second line is dmwn. A short length of capillary lulling drawn 
to a fine point is filled hy dipping its tip into Ihceullurc-liUrntc to Ik? examined. 
The tip of the capillary is then npplicil to the paper at one of the markctl •>|H>ts 
and rcmovc<l when the circumference of the circle of li(juid fomusi reacho the 
second line. With this technique, spots with n volume of alwul ml. ami 
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of standard size can be placed on the paper. If a solution is considered to be 
too weak to give a satisfactory chromatogram, more spots are added at the 
same site, each spot being allowed to dry before each new addition. 

With two-dimensional chromatograms a similar technique is employed but the 
spot size is decreased to a diameter of 0-1 in., since more satisfactory chromato- 
grams arc obtained with this smaller spot. No hard and fast rules can be made 
about the amount of material needed to obtain a chromatogram of satisfactory 
strength. As a rough guide, however, it was found that one spot of a culture 
medium containing about 8 //g. amino-nitrogen will give an excellent single- 
dimensional picture with ?? -butanol-acetic acid mixture as solvent. Ninhydrin 
colours are Aveaker after tAVo-dimcnsional running and the spots tend to be less 
sharply defined. BetAveen 50 and 100 /fg. amino-nitrogen Avere found necessary 
to give satisfactory tA\'o-dimcnsional pictures AAoth the same culture filtrate. 

Drijing of pajicrs. After a soh’’ent-run papers are dried by hanging them in 
a steam-heated chamber. This AA'as constructed from a bacteriological steamer 
approximately 3 ft. long, 2 ft. 6 in. A\'ide and 2 ft. deep standing on one end 
so that the ‘ lid ’ noAv forms a vertical door (8 ft. high by 2 ft. 6 in. AAode) 
hinged at one side. The chamber is heated internally by steam pipes and is 
lagged externally. The internal temperature attained is about 80°. The door is 
made fume-proof by a rubber gasket, and can be tightly closed by means of two 
bolts Avith butterfly nuts at top and bottom. A small centrifugal blower feeds 
air into the bottom of the chamber and the fumes pass tlirough a 2 in. stainless 
steel pipe in the top of the chamber, led outside the building. With this 
apparatus a dozen papers can be dried Avith almost no escape of fumes into the 
room other than those arising Avhen the papers are transferred from the tanks 
to the dryer. 

After running the cliromatogram the troughs Avith the papers are remoA'ed 
from the tank. The papers are suspended by ‘bulldog’ clips from the bottom 
edge in the hot chamber; to prevent tearing, a strip of dry filter-paper is used 
to strengthen this edge before applying the clips. Drying is then continued 
until the amino-acid and peptide spots examined under ultra-violet light shoAV 
a reasonably strong fluorescence. At 70°-S0° the drying usually takes from 
2 to 3 hr. The examination under ultra-violet light, besides indicating when 
a paper is ready for spraying, may give other useful information; for instance, 
it is possible to detect flavins (Crammer, 1948; WoiAA'od & Linggood, 1948), 
porphyrins (Rimington, 1948), and fluorescent bacterial pigments. 

Colour development. A solution of ninhydrin in chloroform (0-1 %, w/v), with 
0-1 % ‘ collidine’ added, is the most satisfactory reagent for spraying the papers. 
No other solvents so far tested produce such strong colours. The reason for this 
is not clear, but it is possible that chloroform modifies the complex reaction 
taking place between amino-acids and peptides and the ninhydrin. Dried sheets 
are removed to a fume-cupboard and sprayed, the operator Avearing a respirator. 
The paper is returned to the heating chamber and the developed spots examined 
after about 15 min., the heating being continued for another hour to ensure 
maximal development of colour. The small percentage of ‘collidine’ aids 
colour differentiation and is particularly useful in distinguishing glycine and 
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serine when using the n-buUinol + acetic acid mixture. Both these nniino-acids 
Iiavc very similar li, values in this solvent and produce very similar colours 
with ninhydrin in chloroform. In the presence of a trace of ‘collidine’, liow- 
cver, serine produces n blue coloration and glycine is dull red. It has thus been 
found possible to follow on singlc-dimensionalchromatograms the disappearance 
of one or the other acid from a medium containing both. 

The use of chlorofomt raises problems when large numbers of sheets have to 
be sprayed. Unless the spraying can be done in an cflicient fume chamber and 
the operator works in a respirator, it is probably more satisfactory to use 
n-butanol as a solvent for the ninhydrin. The spray should not be too fine, ns 
the amount of ninhydrin on the paper before heating lias a marked effect on 
colour development, and subsequent respmying and heating will not intensify 
a chromatogram. A volume of 75 ml. is needed to spray ndccpialcly a sheet 
22^ by ISjin. This is achieved by two sprayings, a procctlurc advisable with 
chloroform as it dries so rajiidly that portions of tlic chromatogram can be 
missed in the first spraying. 

Fecordiiig of results. The most satisfnetor}* rccortls arc photographs, a written 
note being made of those points which, because of shades of colour or for other 
reasons, will not be obvious on the print. Colour photography has proved 
disappointing and is not recommended. 

General obscrx atums 

The achievement of stable conditions of saturation in the tanks is of prime 
importance in obtaining satisfactory chromatograms. To this end it is most 
important not to leave tanks open longer than is ncccssniy* when rcnmvlng 
troughs and papers. For the same reason it Is not advisable to use any given 
tank for more than one solvent; it often takes a day or more to regain equi- 
librium after changing solvents. Unsatisfactory results may also be obtained 
when first using a new tank, but after once coming to equilibrium with a given 
solvent there is no further difiiculty. 

With the techniques described it is possible to nin ten culturc-fillr.ates and 
two controls of uninoculatc<l medium in duplicate on one sheet, using the 
18J in. ctlgc as starting line. As each tank holds three trouglLS ami will if 
necessary hold four, up to 200 singlc*diincnsional chromatograms can be run 
each night in one tank. 
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of the Nitrogen Metabolism of Bacteria 

Bv II. PROOM AND A. .1. IVOlWOD 
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SUMJLVllY: Some 300 strains of bacteria representing twenty genera were grown 
on an ncid-liydrolyscd casein medium. Using the paper chrotnatogmpljic technique 
of Woiwod (1919) a preliminary’ survey ^%-ns made of the amino-acid and iwlyiiepllde 
composition of the bacterial culture fillmtcs. It was proved that: (a) changes may 
occur in the /illralccIiromatogmrnwhlch?ia\'cgrouporg|)ccicsKtgnificance;(&) bacteria 
>rith simple nutrient requirements, i.c. which ulilire ammonia, do not affect the 
chromatogram in the initial groui-h stage; (c) whenever the cliromatogram is affected 
serine is the first amino-acid to lie metabolized; (d) Gram-positive bacteria eliminate 
the aspartic acid spot but leave the basic amino-acid group unafTected, and the 
reverse occurs with Gram-negative bacteria; (c) many bacteria synthc-sizc ninhydrln- 
positive material, presumably pol\T)cptide, the f^-nthcsi.s of a given kind of polyj»cp- 
tide being sometimes assodate<l wUli a particular group or species of huclcria, IJy 
a disintegrator tcehni<iuc it was demonstrated t!>at bacteria store many free amino- 
acids inside the cell. 

The application of partition paper chromatography to the qualitative 
analysis of complex mixtures of amino-acids and polypeptides by Consden, 
Gordon & Martin (1044) has a general appeal because it is on attractive and 
simple metliocl which Ims no parallel in titc classical incllioils of protein 
analysis. Within the limitations of the mctho<l it is possible, in a reasonable 
time, to obtain a general picture of some of tlic nspccls of the nitnigcn mcLt- 
bolism of bacteria groum in a selected medium; and also to examine a suflicicnl 
number of cultures to distinguish strain, species nml group difTcrcnccs. IVc have 
made a general survey of tlic ainino-nctd anti polypeptide metabolism of some 
300 strains of bacteria, represerriing twenty genera, grown on a casein hydro- 
lysate medium. The pur|>osc of this paper is to tlcscribe the general jiicliirc and 
the problems which have arisen out of tins survey. The more dclailctl examina- 
tion of selected problems will be the subject of ftjrlher studies. 


MIvTIIODS 

Medium, llactcriu were grown in a liquid mwlium consisting of an acid- 
hydrolysate of casein (3g. X/I-), ycnsl extract, growth factors and metallic 
salts with 0-1 % addc<l glucose. The mciliuin was arbitrarily scicclc<I uitli tlic 
object of giving clear clironmtograms uncompliciiled by the injlial presence 
of polypeptide or protein. The amount of glucose was kept to a minimutn in 
order to prevent pH changes due to acid protluotion during growth. Thr 
growth factors, yeast extract and metallic Kilts were addctl in an nttnupt to 
extend the range of bacteria whicli wouhl grow in the mrdiuni. 'I'he exact 
composition and prejmration of the inctljum is ns follows. 
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Casein acid-liydrolysatc — 8 g. N/1. 
Yeast extract, 100 ml. 

Glucose, 1 -0 g. 

NaClsO-fio/o 
Tryptophan 0-2 g. 

MgSO^THoO, 0-45 g. 

CuSOj.SHoO, 0-01 g, 

ZnSO^.TlIoO, 0-008 g. 
Mndj.-tlLO, 0-003 g. 

Riboflavin, 200 //g. 


Calcium pantothenate, 400 //g. 
Biotin, 4 jtg, 

Ancurin, 200 /ig. 

Uracil, 15 mg. 

Adenine, 15 mg. 

Pyridoxin HCl, 1-2 mg. 
^>Aminobenzoic acid, 40 /ig. 
Nicotinic acid, GOO /ig. 

Choline chloride, 7-5 mg. 
Ptcroylglutamic acid, 0-2 //g. 
water to 1 1. 


The casein hydrolysate was prepared by hydrolysing Glaxo light white 
soluble casein with c. On hydrochloric acid. Total nitrogen determinations were 
made on the concentrated digest in order that the nitrogen content of the final 
medium could be adjusted to 8 g./l. The yeast extract was prepared by boiling 
500 g. bakers’ yeast with 2 1. of distilled water for SO min. and filtering through 
paper. The growtli factors and metallic salts were added as convenient volumes 
of stock solutions. The medium was made up to the required volume with 
distilled water and the pH adjusted to 7-6. The medium was heated to 95°, 
sterilized by filtration through a Berkefeld-type candle and filled aseptically 
into suitable containers which were then incubated to test for sterility. 

Grotvth. The medium was dispensed in 20 ml. lots in 1 oz. screw-capped 
bottles, and where necessary anacrobiosis w-as established by the addition of 
0-01 % thiolacetic acid. The medium was seeded with a loopful of culture from 
the appropriate solid medium or with a few drops of a suitable liquid culture. 
The cultures were incubated at 37° for 3 days and tlien were divided into two 
parts, A 5 ml. portion was removed into a sterile screw-capped bottle and 
incubated for a further 7 days. To the remainder were added a few drops of 
bi'omocresol purple and sterile n-HCI until a yellow colour developed. Acetate 
buffer (3 ml. of m/25) was added to give a final pH of 4-5 and the culture 
incubated for a further 7 days at 37°. These periods Avere selected arbitrarily, 
on the basis of preliminary experiments, to distinguish ehanges that take place 
in the medium during the active growth stage and changes developing after 
growth has almost ceased. In this medium during the groAvth of any of the 
organisms examined the reaction was either unaltered or alkaline (pH 7-6-9-0), 
so that the effects observed Avere those taking place at slightly alkaline reaction. 
In order to examine effects due to enzyme activity at acid reaction, part of the 
culture was adjusted to the arbitrarily selected pH of 4-5, as described aboA^e. 
Unless otherAvise stated in the text, cultures Avere ahvays groAvn in this Avay. 

Chromatographic analysis. Culture filtrates Avere examined by WoiAvod’s 
(1949) technique. The solvent used for one-dimensional paper chromatography 
was n-butanol -I- acetic acid mixture; phenol Avas used as the second solvent 
for tAVO-dimensional work. In each case the stationary phase Avas Avater. The 
chromatograms were run on sheets of Whatman No. 4 paper (22| x 18J in.). 
Each filtrate was tested in duplicate and ten filtrates Avere examined on each 
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sheet of paper. At each end of the scries of spots on the paper the wninoculntcd 
medium was always included as a control. The chromatograms, after develop- 
ment, were examined, the results noted and a permanent photographic record 
taken. PI. 1, fig. 1, shows a onc-dimensional chromatogram of the control 
medium, with a key showing the position of tlic various amino-acids present 
in the casein digest. 

RESULTS 

Femoval of amino-acids during the first three days of groxeth 

The chromatographic picture of the filtrates from a culture after 3 days* 
growth may differ in a number of ways from tlint of the control medium. The 
effects arc illustrated in PI. 1, fig. 2. With some organisms, suchasPjf<»i/dorao«nr 
aeruginosa and Bacillus suhtiUs, the chromatogram is nnnffcelcd in spite of 
hca^'^' growth. With oiu* technique no definite conclusions can be tlrawn about 
the removal of amino-acids from the medium for the <iircct building of bacterial 
proteins, since in most of the growtlis obtained the nitrogen of the cells did 
not represent more than 8 % of the total nitrogen initially present in the medium. 
With Ps. aeruginosa, however, during the first 3 days an opacity equivalent 
to 15 X 10® organisms/mh, or 0 3 g. N/l., was obtained by sliaking flask cultures. 
Tins amount of nitrogen corresponded to about 30 % of that initlnlly present 
in the medium, and liad it been taken cxclasivcly from the amino-acid con- 
stituents it would almost certainly have been visible on the chromatogram. 

With bacteria requiring more complex nulricnls, i.c. specific amino-acids and 
otlicr essential metabolites, a change in the cluromatogrnm always takes place 
during the early grouih. Tliis is illustrated in PJ. 1, fig. 2 with Streptacoecus 
pyogenes, Staphylococcus aureus, Corynebneieriurn diphtherine. Shigella dy- 
senieriae (Shiga), Escherichia coli, Pasteitrella boviscplica, Serratia inarcescens 
and Proteus vulgaris. In all c.ascs the serine spot ilccrcnscs in intensity, and 
in many the glycine spot is unaffected. This is also ilhistratcd in PI, 1, fig. 3, 
which sho>N*s tlie decrease in serine with ten strains of Shigella jinradysenieriae 
(Boyd tj'pcs; Sh. boyd). This plate also sho^vs lhatthc effect is clearly dcfinctl 
and occurs to an equal extent with a number of different strains. During this 
siua’cy wc confined our attention to clinngcs of this onicr, which arc not only 
unequivocal but arc not subject to strain variation. With many Gmm-negalive 
organisms the aspartic acid spot increases in intensity; in PI. I.fig. 2, the 
increase with Esch. coli and Ser. niarcescens is very evident. This incn*a«e 
proved, in some cases at least, to be due to the formation of jwlyjKrplulcs. 

A number of Gram-negative species mctalwlir^ the !)asic amino-aeids. 
This is illiislralctl in Pi. 1, fig, 2, by Ser. marceseens. Vibrio tvnma iloes so 
inarketily, the basic amino-acid group often being completely clirninntrtl 
within 2 days. With Pr. vulgaris the valine and leucine groups arc nttnckc<l; 
with other organisms these groups arc not usually mctalx>lir«l during the fir-f 
3 days. With many Gram-positive organisms the aspartic acid sjwit disappears 
from the chromatogram (PI. 1, fig. 2, with Str, pyogenes. Staph, aureus and 
Corynr. diphtherine). A list of tlic groups of organisms tested and tlic ammo- 
acids rcmovetl during the first 3 days* growth is given in Table 1. In most e.asrs 
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at least ten strains were examined in each group, DilTerenccs between species 
within a group were also observed, and the use of more suitable media is 
expected to reveal many others. For example, in medium enriched with 
soluble starch Hacmophihis parapertussis, but not //. pertussis, attacked the 
leucine and valine groups. 


Table 1. The effect of grozvth of orgatiisms of different genera on the main amino- 
acid spots as they appear on the single-dimensional chrornaiogram 

Period of 15 days nt 10 days at 3 days at alkaline and 

incubation ... alkaline reaction alkaline reaction 7 days at acid reaction 
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+ = Marked decrease of amino-acid with all strains. 
X = Slight decrease of amino-acid with all strains. 

-h or X = Decrease with some strains. 

— = No effect. 


Removal of amino-acids during prolonged incubation at acid 
or alkaline reaction 

After prolonged incubation at 37°, at either acid or alkaline reaction, a further 
series of changes may occur in the cliromatogram. The changes are usually 
more marked at the acid reaction and may be so extensive that all ninhydrin- 
positive material is removed from the chromatogram. From the summary of 
the results in Table 1, it is clear that changes occurring during the first 3 days 
usually progress to near or complete extinction of the corresponding amino- 
acid spot. Organisms, such as B. subtilis or Ps. aeiitginosa, that have simple 
nutrient requirements and which initially cause little change in a chromatogram, 
may produce most extensive changes on further incubation. There is a sliarply 
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defined difference between Gram-positive and Gram-ncgalivc organisms. Tlic 
former do not attack the basic miiino-acid group but remove ns]>nrtic acid 
early, whereas the latter produces the reverse cfTect, 

A scries of chromatograms of the fdtrates of bacterial cultures taken at 
intervals gives an overall picture of the succession of changes taking place in 
the medium — a picture that can hardly be obtainctl by any other method. 
PI. 2, fig. 2, shows the effect of Incubation at acid reaction on a number of 
cultures of E$ch. coU. The following changes can be seen: elimination of serine 
and decrease in basic amino-acid group (strain 2); elimination of alanine, 
glutamic acid and the basic amino-ncid group (strains 4, 7, 1, 3); appearance 
of polypeptide in the aspartic acid position (strains .'5, 7, 0); appearance of 
polypeptide near the tyrosine position (strains 1, 5-9); dccrca‘-c in the valine 
group and the leucine group ■with polypeptides in tlic aspartic acid and tyrosine 
positions (strain C); finally, almost complete elimination of ninhydrin-positivc 
material from the chromatogram, only traces of the two polypeptides being 
left (strain 8). If samples from strain 8, for example, had l)cen taken at 
intervals during incub.ition the clinngcs would Imve occurrctl in the above 
order. It should be noted that in PI. 2, fig. 2, thercis ndriftin Ihcchromatograrn, 
due to irregularities during the solvent-run, which on casual cxnminiitinii might 
lead to misinterpretation. Thus with strain 4 the glutamic acid spot might 
appear to be in the alanine position; however, closer examination of tlic 
chromatogram reveals the nature and extent of tlic drift. 

Possible synthesis of polypeptides 

During the examination of the filtrates from some species a mimlier of 
ninhydrin spots appeared on the chromatogram which were not present iu (he 
basal medium. Since they did not correspond in position, and In some cnscs 
in ninhydrin colour, to any of the ainino-nclds present in the l>as.n! medium, we 
suggest that tlicy arc likely to be polypeptides. In the ease of CL trfnni one 
such ninhydrin-positivc spot whicli njipcnrctl on the chromatogram below the 
leucine group (IM. 2, fig. 1 (5)), was eluted, acid-liydrolyscd and shox'n by 
two-dimensional chromatography to be n jwtypeplidc. In other eases tlie 
poh^peptide nature of these spots 1ms not yet been une<iuivocnlIy dcinonslratf‘<l. 
These presumed polj'pcplidcs were often <lin‘crcnt for different species since 
they appearwUn various positions on thcchronmtogRim.ThcdTccl isillustmtetl 
in PI. 2, fig. 1. They may npj>car during the early gn)\\th stage, ns with Pr. 
vnliiaris and CL irtani, or later after growth has cc.ascd, ns with Etch. ci>li nml 
Sh. dysenteriae. Tlicy may nppc.arnl alkaline reaction or only at arid rtaction 
and llicir appearance is always associated with the ilisiippcarancc of a particular 
amino-ncid from the chromatogram. This associated nmino-acid may l>c 
difTcrcnl for different species; for example, it is glutamic acid with (.7. trtani 
(PI. 2, fig. 1 (5)), leucine group witli Pr. rtdgarij (PI. 2. fig. 1 (.”>)), alanine with 
Stnph. aureus and proliiic with CL bifrrmenUtus (Pi. 2, fig. 1(1))- association 
between the amino-acids and the production of *i>oly|K'ptides* is evident, for 
when the particular amino-acid svas not removed no ‘|>oly|*rptldc* apfwarc*! 



S24 


JI. Proom and A. J. Woiwod 

and, moreover, tlie strength of the ‘polypeptide’ spot varied inversely with the 
strength of the arnino-acid spot. This inverse relationship is clearly shown in 
Pi. 2, hg. 2, with nine strains oiEsch. coll The ‘polypeptide’ spot, which appears 
just above the tyi’osine position on the chromatogram, is absent from the 
control medium, very intense with strains 1, S and 5 when the glutamic acid 
has disappeared, and just visible with strains 2 and 4 where the glutamic acid 
is relatively unaffected. 

Tabic 2. Synthesis of polypeptides by bacteria, showing the position of the 
jyolypcpiidc spot on the chromatogram, the amino-acid which is associated 
with the production of the polypeptide and the reaction at which the poly- 


pjcpiidc is formed 

Position or polypeptide 

Associated 

Reaction 

Genus or species 

on chromatogram 

amino-acids 

of filtrate 

Aerobacter, Escherichia, 
Salmonella, Serratia, 
Shigella 

On aspartic acid spot 

Serine 

Alkaline 

Escherichia, Shigella 

On tyrosine spot 

Giutnmic 

Acid 

Prolcus 

Two polypeptides after 
leucine group 

Leucine 

group 

Alkaline 

Staphylococcus 

Before tyrosine spot 

Alanine 

Alkaline 

Cl. Ictnni 

After leucine group 

Glutamic 

Alkaline 

Cl. bifermcnians 

Cl. sordcUn 

Two polypeptides one 
before tjTosine, one 
on valine group 

Proline 

Alkaline 


The hydrolysis of the Cl, telani polypeptide showed that it Avas not a polymer 
of the associated glutamic acid nor had it an exceptionally high glutamic acid 
content. Table 2 lists the ‘polypeptides’ so far observed which give intense 
spots on the chromatogram. In addition to these, many indefinite spots 
suggesting ‘polypeptide’ formation have been obserA’-ed; further examination 
Avith more favourable media is likely to shoAv many others. 

Amino-acids and polypeptides inside the cell 

Using a tissue disintegrator (supplied by H. Mickle, Romeyn Works, Romeyn 
Road, London, S.W. 16) and shaking a dense suspension of Avashed organisms 
Avith small glass beads (Ballotini Grade 9), as described by Elliot & Gale (1948), 
the storage of ninhydrin-positive material inside the cell is being examined. 
Some of the preliminary results are shoAvn in PL 2, fig. 3. It can be seen that 
many amino-acids are stored within the cells. The basic amino-acid group, 
aspartic acid, serine, glutamic acid, the valine and leucine groups are clearly 
visible in the chromatogram of disintegrated Staph, aureus. With the exception 
of glutamic acid these are also visible in the disintegrate of Esch. coll There 
is little evidence of the presence of polypeptides. 

Hydrolysis of whole bacteria 

The organisms H. pertussis, Pr. vulgaris, Aerobacter aerogenes, Coryne, hoff- 
nianni, Myco. phlei, Diplococcus pneumoniae, Esch. coli, B, suhiilis, Past, 
bovisepiica and an unidentified chromogenic coccus, were groAvn on the appro- 
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printe medium and the cells removed and wnshctl free from the mctliutn l)v 
six successive washings with physiological saline of centrifuged deposits. Tlic 
organisms were hydrolysed by refluxing for 40 hr. with G k-IICI. The hydro- 
lysate was evaporated to drjmcss in rnetio and rcdissolvcd in a little distilled 
, water. Single- and two-dimensional chromatograms showed the presence of 
tlie followng amino-acids and groups of acids, which were present in all cases: 
cystine, aspartic acid, glutamic acid, serine, glycine, threonine, lysine, histidine, 
arginine, alanine, prolinc, the leucine group, the valine groxsp. and tyrosine. 
No evidence of previously unknown annno-acids was obtained in ai\y of the 
chromatograms. Although it is always possible that such acids may be present 
in bacteria, it is fairly clear that they could not be present in amounts greater 
than 2 % of the total amino-acids. No gross differences behveen the amino-acid 
compositions of different species of bacteria were evident with this technique. 


DISCUSSION 

Partition paper chromatography makes possible a new approach to the sUulv 
of the nitrogen metabolism of bacteria. This survey shows that it is possible to 
obtain a fairly complete picture of the amino-acid and polypeptide composition 
of bacterial filtrates, and to make comparative studies of large numbers of 
strains or species with great facility. Moreover, under reasonably standard 
conditions, the results arc reproducible and many of the effects unequivocal. 

It is, however, ncccssarj’ to point out two limitations of our mcthwl wliich 
affect the interpretation of the results. First, in spile of Die c.vtrcmc sensitivity 
of the ninhydrin reaction, many of the changes which take place in bacterial 
cultures, such as the utilization of specific amino-acids as essential nutrients, 
occur at a level which is below the sensitivity of the mcthml. Secondly, 
although the chromatogram records the presence or absence of ninhydrin* 
positive material it throws little direct light on the mcehanism of the reactions 
which may be taking place. 

Tlicrc appears to be n general relationship between the nutrient requirements 
of an organism and the effect of growUi on the nmino-ncid composition of the 
medium. Usually tliosc organisms with simple nutrient requirements (capable 
of using ammonia) do not affect the chromatogram during the initial pro\>th 
stage. This is illustratwl in Tl. 1, fig. 2, with /?, sullilis and Ps. arni^iuosa. 

The results with Ps. would suggest that in a mixture of ammonitini 

salts and amino-acids organisms which can utilize the ammonium salts do so in 
preference to amino-acids. It is one of the ndvantiigcs of the chn.imnt<*graphic 
method tlmt the^ffccts oblnincti in complex mixtures can be sltidiixl. It is 
of interest to note that organisms with simple nutrient rc^juirtments ofirn 
jiroduce the most extensive changes in the chromatogram on prolongctl 
incubation at alkaline or acid reaction. 

With organisms having more complex nutrient ntjuircmcnts n cliangc in the 
chromatogram always takes place during growth. The outstanding obsrrvatimi 
here is the universal utilization of serine. Tlic prcffrcntial u^cof ^crinc surg''sf s 
that the nmino-acul plays n prominent |>art in Knrlcrial nirlalK»1ism. Tl.c 
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niGclidnisrn of the rcnction and. the reasons for the selection of this particular 
amino-acid will be studied further. 

Besides serine, other 'amino-acids may be metabolized during and after the 
initial growth. Both species and group differences are apparent. Perhaps the 
most interesting is the difference between Gram-positive and Gram-negative . 
organisms, illustrating once again the profound dissimilarity of these two 
groups of bacteria. 

The synthesis of polypeptides during and after growth, the mechanism of 
their production and the function of the associated amino-acids, are of special 
interest. Polypeptide synthesis by bacteria has often been regarded as a rather 
unusual aspect of bacterial metabolism, little being recorded except the 
formation of some polypeptide antibiotics and the capsular substance of 
B, anthracis. It seems, however, that polypeptide synthesis may be a more 
general phenomenon in bacterial metabolism than hitherto recognized. Whether 
the ninhydrin-positive materials responsible for the unidentified spots are in 
all cases polypeptides remains to be seen. But it is clear that these ninhydrin- 
positive materials exhibit all grades of specificity, varying from the group 
specificity shown by the ‘polypeptide’ appeai-ing in the aspartic acid position, 
which is synthesized by most Gram-negative bacteria and the two ‘poly- 
peptides ’ produced by all members of the genus ProUns, to the species-specific 
polypeptide of Cl. tetani. Both in the removal of amino-acid and in the synthesis 
of ‘polypeptide’ group and species differences are apparent. These differences 
are likely to be of value in bacterial classification. 

Using specific decarboxylase preparations Gale (1947) has shown that 
bacteria store a number of free amino-acids inside the cell. Preliminary 
observations with the clu-omatographic method confirm this, and show that 
other amino-acids are also stored. Taylor’s (1947) observation that Gram- 
positive, but not Gram-negative, organisms store glutamic acid is also confirmed 

(PL 2, fig. 8). _ 

Contrary to Poison’s (1948) observations, the amino-acid composition of 
hydrolysates of twelve species of bacteria examined by two-dimensional 
chromatography did not include any previously unknown amino-acids. 
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EXPLANATION OF PLATES 
Plate 1 

Fig. 1. Key chromatogram of control medium showing the positions of the nmlno-acids on 
the chromatogram. The capital letters on the left of tJic chromotogroms refer to this key. 

Fig. 2. Chromatogram of Q-day Hltmtcs from bacterial cultures: Cl’asConltol medium 
(i.e. uninoculatcd), 1, B. sublit/s (no change); 2, Str. pyogenes (decrease in aspartic acid 
and serine); 3, aureus (decrease in aspartic acid and serine nnd nppenranoe of 

‘polypeptide’) j 4, Coryne. dtpbl/teriae (dccreoso in aspartic add and serine); S, Ps. or rus/* 
«osa (no change); 0, S/i. dysenleriae (decrease in serine); 7, Ser. niareeseens (decrease In 
serine, basic group, incrc.aso in aspartic acid/; 8, Pr. vufgaris (decrease in serine, leucine 
nnd valine groups, appearance of ‘pobTioptidc*); 0, Bseti. eoli (decrease in serine, 
increase in aspartic add); 10, Post, boviseptiea (decrease in serine). 

Fig. 8. Cliromalogrom of 3-day filtrates from cultures of ten strains of S/i. paradysenfrrine 

• (Royd types) showing decrease in serine and con-iistcncy of the effect. CTss Control 
medium; 1-I0=filtratesi. 

Platt 2 

Fig. 1. Cliromatogram of filtrates of cultures showing ‘polypeptide’ fomialion. CPscontrol 
medium(l.c. uninoculatcd). l,C/.6i/rrmenfonj(*|>olypeplide’abovet>*TOsinciindonvaline 
group); 2, Ct. sonteltii (‘poljqKptide* above IjTOsine and on vnlinc group); 3, Cf. tc/ani 
(‘ polj-peptidc ’ below leucine group); 4, Srr. tnarceuYns (‘polj’]>cptitle’ in aspartic iicifl 
position); 3, Pr, cttigaris (‘jKilypcptldc’ below leucine group); 0, PscA. cob* at alkaline 
reaction (‘poI>q)cptlde’ in aspartic arid position); 7, Stt. paradyTrntrriar (‘i>oh7>eptide’ 
just above tyrosine s|>ot). CT’ssconlrol medium (i.c, uninoculaled). Associated amino- 
acids: 1,2, proUnc; 3, glutamic acid; 4, ? serine; 5, leucine and vnlinc groups; 0, ? serine; 

7, glutamic add. 

Fig. 2. Cliromatogmm of lO-doy fillmtcs at achl reaction of nine strains of PrcA. coti showing 
appearance of ‘poUTseptide* near tsTosInc spot nnd the Inverse rekstionsliip of the 
intensity of the glutamic add and •i>olypcplidc* .sjMsts. Also the progressive remo\’al 
of all ninhydrln-positive material from the chromatogram following prolonged incuba- 
tion at add reaction. CTascontrol medium; 1-0, filtrates. 

Fig. 3. Chromatogram of the supernatants from srashetl, and also from washetl and dis. 

• • . • . r-,-i —»*•« -iwing the storage of aniino-nd<ls 

• • • ncc of glutamic arid in the <Us. 

■ ■ ■ ■ ' • * dJb'ffip/i.aurr«f;2, disintegrated 

'UcJi.eoti. 
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ERRATA 

Vol. 2, p. 51, line 11. 

For ‘on the plate arc 10*4G and 1*046 units/ml.* read ‘on the plate are 8*42 and 
0*842 units/ml.’ 


Vol. 3, pp. 255-73. 

‘The Lccithinasc of Bacillus cereus and its comparison with 
Closiridium xcclchii «-toxin* 

By ir. P. Cnu 

p. 257, 7th line from bottom; for ‘2-0 ml. 1% (w/v) BnCL* read *20 ml....’, 
p. 264, fig. 4 and p. 207, fig. 9: insert *** in front of sentences beginning 
‘No Ca was added’. 

p. 209, line 7: for * Effect on peptone' read ^Effect of peptone'. 


the laboratory v^bere tae wort was penormeo. 

Tj*pe8Cript8 should carry the name end address of the 
person to whom proofs are to bo sent, and a shortened 
version of the paper’s title, not exceeding forty-five letter* 
and spaces in length, euitable for a nmning title In the 
puhlishcd pages of the work. 

Form of Papers Submitted for Publication. The 
onus of preparing a paper in a form suitable for sending to 
press Ilea in the first place with the author. Authors should 
consult a current issue In order to make themselves familfsr 
with the JoumQV$ typographical and other conventions, 
use of cross-headings, lay-out of tables, etc. The commonly 
used cross-headings In order of importance are capitals, 
centre; italics, centre, and Italics, aide. Centre headings do 
not require a full stop. 

A paper should be submitted in donble-spaced typing 
{top copy) with adequate margins, and on paper suitable 
for ink corrections. The paper should bo written in English 
and should, in general, bo divided Into the following parts 
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the letters a, 6, etc., following the citation of the year 
(e.g. IDMo, 1014&, or 1014o, b). 

Footnotes are to bo avoided. 

Bcferenccs at the end of the paper should be given in 
alphabetical order according to the name of the first author 
of each publication, and should include authors* initials and 
the title of the paper. Titles of journals should be abbre- 
viated in accordance with the WorM List cj Scimtifit 
Periodieala. HefcrcncM to books and monographs should 
indado year of publication, title, edition, town of publics, 
tion and publisher, in that order. 

All references should be carefully checked acainst the 
relevant journal or book. 

Illustrations, lllmitralions and diagram* should le 
approximately twice the sire of the fini^hwl Mock; rach on 
asep-watesheet, picked lint and tearing th** aulhnria name, 
short title of the pajer and TUte or Figure number* on th* 
back. Diagrams should be drawn in Indian ink on plain 





wliito paper, Bristol board, or faintly tl«c-Iinod paper, with 
letters, numbers, etc., written lightly in pencil. Text-figures 
are referred to in the typescript ns ‘Fig. 1, figs. 2 and 3’, 
etc. (not ‘Text-fig.’) and plate figures as ‘PI. 1, fig. 1’, etc. 
Captions and legends (which should be self-contained for 
each separate illustration) should bo typed separately from 
the illustrations, each on a separate shoot, and numbered 
correspondingly with the relevant illustration, and in 
drawings and photographs should include a statement of 
magnification. Photognaphs for plates should be well con- 
trasted prints on glossy paper. 

Tables. Tables should carry headings describing their 
content and should bo comprehensible without reference to 
the text. Details of experimental methods used to obtain 
the data of a table and sho^vn therein should not be dupli- 
cated in the text. Each table should be t 3 ^ed on a separate 
sheet and its approximate position in the text indicated on 
the typescript. 

Symbols and Abbreviations. Authors should refer to 
current numbers of The Journal of General Microbiology for 
information in this connexion. The chemical nomenclature 
adopted is that followed by the Chemical Society (J. chem. 
Soc. 1936, p. 1067). With a few exceptions the symbols and 
abbreviations are those adopted by a committee of the 
Chemical, Faraday, and Physical Societies in 1937 (see 
J. chem. Soc. 1944, p. 717). Attention is particularly drawn 
to the following points: c. = circa or approximately; degrees 
Centigrade are written, e.g., 100°, not 100° C; hr., min., sec. 
(singiSar and plural); M=molar; m (milli-) = 10-® and 
H (micro-) =10"®; ml. (millilitre) should be u.sed instead of 
C.C., and pg. (miorogram) instead of y; n= normal (of 
solutions); No. or no. =number. 

Batios should be written 1:10, and dilutions, e.g. of 
serum, 1/10. 

Chemical Formulae. These should be written as far as 
possible on one line. Formulae may be used in the text 
instead of the names for common inorganic substances but, 
in general, not for organic compounds. Care should be 
taken to specify exactly whether anhydrous or hydrated 
compounds were used, i.e. the correct molecular formula 
should be used, e.g. CuSO^, CuSO^.HjO or CuS 04 . 6 H 20 . 


Description of Solutions. The concentrations of solu* 
tions are preferably defined in terms of normality (n) or 
molarity (m). The term ‘ % ’ must be used in its correct sense, ■ 
i.c. g./lOOg. of solution. For ‘per cent by volume’, i.e. 
ml./lOQ ml., the term ‘% (v/v)’ should be used, and for 
weight of a substance in 100 ml. of solution, the term 

Proprietary Substances and Materials. At first 
mention, the correct designation of the manufacturer should 
bo given in the text (not in footnotes), with address if 
necessary, to enable other workers to obtain the product 
mentioned. 

Nomenclature of micro-organisms. Binomial Latin 
names of micro-orgam’sms, the generic name only with a 
capital, must be used in accordance with the International 
Buies of Nomenclature; in full at the first mention in a 
paper and in the Summary but in subsequent mention 
with the generic name abbreviated. Binomials should be 
underlined in the typescript. Single initial letter abbrevi- 
ations are permissible provided that they are not ambiguous 
(e.g. not S. pyogenes, which may be Staphylococcus pyogenes 
or Streptococci pyogenes). Scientific epithets or trivial 
names are not underlined and should be without capitals. 
Specific names may be used adjectivally, as in ‘ welchii toxin’. 

Except for good reasons, micro-organisms should be 
designated by the names used in the works listed below. If 
other authorities are followed, they should be cited when- 
ever obscurity might result from their use. 

Mioeofukgi. Ainsworth & Bisby’s A Dictionary of the 
Fungi, 1946. 2nd ed. (Kew: Imperial Myoological 
Institute.) 

Plaht pathooenio fungi and plant diseases. List of 
Common British Plant Diseases, 1944. (Cambridge Uni- 
versity Press.) 

Plant vieuses and vinus diseases (1946). Rsv. appl. 
Mycol. 24, 613-66. 

Offprints. Twenty-five offprints of each paper are sup- 
plied free of cost. Authors may purchase additional off- 
prints by notifying the Press on the appropriate form sent 
with the proofs. 
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Obituary Notice 

MARJORY STEPHENSON, 1885-1948 

The death of Jlarjory Stephenson on 12 December 1948 has robbed bio- 
chemistry of a vigorous and productive exponent, and microbiology of a 
valuable interpreter of the chemical way of thinking. She ^Yas born on 
24 January 1885 at Burwell, twelve miles from Cambridge; her life centred 
on Cambridge; she knew the town well and was well known in it. After 
graduating from Newnham she had hoped to complete a medical course but 
found it necessary to study Domestic Science at the Gloucestershire Training 
College instead, and she taught for a time there and at King’s College of 
Household Science, London. Her career as a biochemist started nt University 
College, London, working with R. H. A. Plimmcr. In later life she always 
spoke of him with gratitude for providing her with this opportunity. She there 
studio<l the lactase of intestinal mucosa and showed that this enzyme was 
inhibited by glucose but not by galactose (Stephenson, 1911). She turned next 
to the synthesis of esters of palmitic acid (Stephenson, 1918) and then worked 
on metabolism in experimental diabetes (Stoorhouse, Paterson & Stephenson, 
1015). This work was intcrruptetl by the 1914-18 war, during whicJi she 
served with the Red Cross in Prance and nt Salonika. After the war she returned 
to Cambridge and worked in the department of Frederick Gowland Hopkins 
on the fat-soluble vitamins (Stephenson & Clark, 1920; Stephenson, 1920). 
Hopkins in his wisdom encouraged her to leave the fields of animal metabolism 
and vitamins and to initiate a coniprchonsivc study of the biocliemlcal activities 
of bacteria. 

' Tiicre are obvious differences in the characters of recruits to different sciences 
at dilTcrent stages of development and the Cambridge Biochemical Laboratory, 
wliich was for many years the main centre of biochemical teaching in Britain, 
attracted in its early days people wlio were vigorous, sclf-confidcnt and not 
always tactful. In this environment M. S. (to use the title by wliich she 
became known internationally) was very much at home. Hopkins hud 
establishcfl a new department and a new altitude of mind in Cambridge and 
his personal gentleness sensed admirably to weld the members of the department 
into a co-operative group. TJiis was no mean feat, for they were once described 
to Jfopkms by nil important otTicin) of Ihe University ns ‘That wrecking crew 
of yours Hopkins’s character moulded the scientific outlook of his department 
but lie came to depend, to an extent that was not always fully rccognizai, on 
M. S. for advice and support with the .social and strategic problems of the 
department. Bioclicmistry met with strong and skilful opixisition from many 
of tlic oId-cstablishc<l departments— an opposition tliat still confronts lliose 
cstftblisliing biochemical sehool*. in such Universities os lack them— and this 
antagonism was rcciprocatctl by the research workers in the young department, 
oanij 
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Obituary Notice 

MARJORY STEPHENSON, 1883-1948 


The death of Marjory Stephenson on 12 December 194S has robbed bio- 
chemistry of a vigorous and productive exponent, and microbiology of a 
valuable interpreter of the ciiemicat way of thinking. She was b^orn on 
24 January 1885 at Burwell, twelve miles from Cambridge; Iicr life centred 
on Cambridge; she knew the town well and was well known in it. After 
graduating from Newnham she had hoped to complete a medical course hut 
found it necessary to study Domestic Science at the Gloucestershire Training 
College instead, and she taught for a time there and at King’s College of 
Household Science, London. Her career as a biochemist started at University 
College, London, working with R. H. A. Plimmer. In later life she always 
spoke of him witii gratitude for providing her with this opportunity. She there 
studied the lactase of intestinal mucosa and showed that this enzyme was 
inhibited by glucose but not by galactose (Stephenson, 19U). She turned ne.xt 
to the synthesis of esters of palmitic acid (Stephenson, 1913) and then worked 
on metabolism in experimental diabetes (Moorhouse, Paterson k Stephenson. 
1915). This work was interrupted by the 1914--18 war, during which she 
served with the Red Cross in France and at Salonika. After the war she returned 
to Cambridge and worked in the department of Frederick Gowland Hopkins 
on the fat-soluble vitamins (Stephenson & Clark, 1920; Stcplicnson, 1920). 
Hopkijis in his wisdom encouraged her to leave the fields of animal metabolism 
and vitamins and to initiate a comprehensive study t>f the l>lochcmical activities 
of bacteria. 

• There arc obvious differences in the characters of recruits to dificrent sciences 
at different stages of development and the Cambridge Hiochemical Laboratory, 
which was for many years the main centre of biochemical teaching in Britain, 
attracted in its early days people who were vigorous, self-confident and not 
always tactful. la tliis environment M. S. (to use the title by wiiich she 
bec.ame known internationally) was very nnich at home. Hopkins had 
established a new department and a new attitude of mind in Cambridge and 
his personal gentleness served admirably to weld the members of tlic department 
into a co-operative group. Tliis was no mean feat, for they were once ilcscrihcd 
to Hopkins by an imporl.ant official of the University .as *1 hat wrecking crew 
of yours Hopkins’s character moulded the scientific outlook of his department 
but he came to depend, to an extent tfiat was not always fully recognizcil, on 
M. S. for advice and sujiport with the social and strategic problems of the 
department. Biochemistry met with strong and skilful opiK)'>ilinii from many 
of the old-established departments — an opposition that still confronts those 
establishing bioclicmical schools in such Universities as lack thcTii and this 
antagonism was rcciprocntci! by the research workers in the young department. 
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Some of the eriticism had a superficial justice; the chemists said we lacked 
ehemical skill, the biologists, biological knowledge. M. S, received, and returned 
with interest, critieism for her lack of fundamental bacteriological training. 
To her, in the first stages of her work, bacteria were simply tools and their 
taxonomy was of little importance. She recognized early that there could be 
greater metabolic differences between samples of the same culture at different 
phases of growth than between different species. The self-confidence that 
Pastem* had shown when, without medical training, he set about the con- 
struction of a bacteriological theory of disease, was an inspiration to her and 
she liked to quote his reply to someone who corrected him on a formal 
bacteriological point : ‘ If you only knew how little difference that makes to me.’ 
As in Pasteur’s case a new idea was of more importance than old knowledge 
and it is unlikely that her work would have been any more fruitful if she had 
had the training that many people looked on as essential. 

Marjory Stephenson’s new line of work at Cambridge was begun at a most 
exciting time: the Wieland-Thunberg theory of biological oxidations had been 
propounded; Hopkins had isolated what was thought to be an important 
hydrogen carrier, glutathione; and the Cambridge laboratory was turning to 
the study of intra-cellular enzymes with particular emphasis on oxidation 
mechanisms. This background had a profound and lasting effect on M. S.’s 
approach to bacterial metabolism. 

Her first paper on bacteria, published in collaboration with Miss Whetham 
(Stephenson & Whetham, 1922 ), was concerned with fat formation by 
Mycobact. phlei and the effect of different media thereon. It was shown that 
acetate increased fat production more than any other substance tested. 
Methods were developed for the determination of both the respiratory quotient 
and the carbon balance-sheet during growth and it was found that, • as the 
medium became exhausted, so the respiratory quotient fell and the stored fat 
disappeared (Stephenson & Whetham, 1923 ). These techniques were then applied 
to the study of the effect of oxygen on the metabolism of Bad. coli communis 
(Stephenson & Whetham, 1924 ). 

During this period her colleagues J. H. Quastel and Margaret D. Whetham 
were developing the resting-cell technique by which, in conjunction with the 
Thunberg methylene blue procedure, they had demonstrated the presence of 
dehydrogenases in bacteria and had shown that the succinic dehydrogenase 
was reversible. This made possible an investigation of anaerobic growth. It 
was known that Bad. coli could grow aerobically but not anaerobically with 
succinate, lactate, glycerol or acetate as the carbon source, and also that certain 
organisms, including Bad. coli, could reduce nitrate to nitrite. In collaboration 
with Quastel and '^etham, M. S. showed that washed suspensions of Bad. 
coli oxidized leuco-methylene blue in the absence of oxygen, provided that 
either nitrate or chlorate were present. The coupling of succinate oxidation with 
nitrate reduction was then demonstrated and also that this coupled oxido- 
reduction reaction would permit the anaerobic growth of Bad. coli: succinate 
■was replaceable by lactate, glycerol or acetate; and fumarate, malate or 
aspartate could be substituted for nitrate as hydrogen acceptor. Chlorate, 
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whilst active as a hydrogen acceptor in cell-suspensions, could not be used as 
such in growth experiments omng to the toxicity of the chlorite formed as 
reduction product (Quastel, Stephenson & Whetham, 1025). These simple 
experiments ser\’ed to emphasize the usefulness of washed suspension studies 
in the elucidation of problems of bacterial metabolism and at the same time 
made clear some of the principles underlying anaerobic growth. This line of 
work was continued with J. H. Quastel (Quastel & Stephenson, 1925) and later 
the effect of oxygen on the growth of obligate anaerobes was studied (Quastel & 
Stephenson, 1926). 

Many years later, at the inaugural meeting of the Society for General 
^licrobiologj' in February 1945, JI. S. analysed the steps in the development of 
research in the field of bacterial metabolism, and pointed out that research 
took place at a series of levels. At the first level the worker was concerned with 
mixed cultures; at the second with pure cultures growing in complex media; at 
the thiid with pure cultures growing in chemically defined media; at the fourtli 
with washed cell-suspensions from pure cultures; and finally at the fifth lev'el 
with cell-free enzyme preparations. No one level was, by itself, adequate; and 
for an understanding of bacteria as they arc found in Nature, research must 
occur at all levels. Till about 1927 she had worked at levels two and four, 
but in 1928 she developed a method for obtaining intra-ocllular cnzjTncs 
(Stephenson, 1928), Thick suspensions of Bad. colt were allowe<l to autolysc in 
phosphate buffer at pH 7*4, and lactic dehydrogenase was found in the cell- 
free autolysate. Unfortunately the technique had only a limited application 
and further progress had to wait until improved methods for breaking-up 
bacterial cells were developed, some ten years later. In the meantime, work was 
continued with washed suspensions, and in collaboration with R, P. Cook 
(Cook & Stephenson, 1928) she made a detailed study of tlic oxidation of various 
compounds by Bad. colt and Bad. alkaligenes. This yielded the surprising 
result that, whereas formate was oxidized quantitatively to carbon dioxide 
and water, glucose, lactate, pyruvate or acetate were, as judged by the ox>'gcn 
consumed, only partially oxidized; at the same time the substrate disappeared 
completely. This phenomenon could not be related to the viability of tlic 
suspension. Subsequent wprk in otlier laboratories and with other organisms 
confirmed these obscr\'ations and demonstrated that only part of the substrate 
was oxidized completely, the remainder being assimilatctl by the cell. 

About 1930 the Cambridgeshire Ouse was polluted by a^istc from a sugar- 
beet factor}' to such an extent that an active fermentation could be obserr'cd 
in tlic river itself. This provided an opportunity for investigating the mcllinnc 
fermentation, using the polluted river water as an inoculum. These enrichment 
cultures, in addition to producing methane from formate, rcducccl sulplmlc to 
Iiydrogen sulphide and made methane from cari>on dio.xide and hydrogen. 
Stephcnson& Sticklnnd (1931 a) commented on these obscrs'ations ns rollon's: 
‘This le<l to the conception that carlx»n dioxide and sulplmtc were acting ns 
hydrogen acceptors in a system where molecular hydrogen was the Iiydrogen 
donor and it seemed likely that bacteria were present in the mixed culture 
capable of activating hydrogen.* To test this hj'pothcsis a washed suspension of 
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the enrichment culture was examined by the Thunberg method for its ability 
to activate hydrogen. It was found that, in the presence of hydrogen, a rapid 
reduction of methylene blue occurred. A coliform bacterium was isolated from 
the crude culture -and was shown to contain the enzyme, which was named 
hydrogenase. This enzyme was found to be widely distributed amongst bacteria, 
and in view of this it was suggested, somewhat tentatively, that the production 
of hydrogen from formate, a reaction which L. H. Stickland (1929) had been 
investigating, involved two enzymes, formic dehydrogenase and hydrogenase. 

The reduction of sulphate to hydrogen sulphide by hydrogen was next 
investigated (Stephenson & Stickland, 1931 h) and a bacterium closely related 
to Desulphovibrio desulphmcans was isolated in pure culture. The bacterium 
possessed a powerful hydrogenase and could grow on sulphate and hydrogen 
with carbon dioxide as carbon source; sulphite or thiosulphate could replace 
sulphate as hj’-drogen acceptor. This work provided the first indication that this 
group of organisms could live autotrophically. 

Finally the methane organisms were examined (Stephenson & Stickland, 
1933 a). Enrichment cultures were readily maintained on formate and produced 
methane according to the following equation : 

4HCOOH ^ CH 4 + 3 CO 2 + 2 H 2 O. 

A pure culture was isolated by the single-cell method, since conventional 
plating techniques consistently failed, and the organisms so obtained were 
found to possess hydrogenase. A number of one-carbon compounds, including 
formate, formaldehyde (added as hexamethylenetetramine), methanol, carbon 
monoxide and carbon dioxide, were reduced to methane in the presence of 
hydrogen by this organism; in addition sulphate was reduced to hydrogen 
sulphide. Though possessing some of the characteristics of the methane 
bacteria subsequently isolated by Barker and by Schnellen, this organism was 
unique in its ability to reduce methanol, formaldehyde and formate to methane, 
and to-day it seems probable that in spite of all efforts to purify it the culture 
%vas contaminated with a sulphate-reducer (the reduction of sulphate to 
hydrogen sulphide supports this view). The sulphate-reducer would produce 
carbon dioxide from the above substrates, which carbon dioxide would then 
be reduced to methane by the methane bacteria. 

At this point the work along these lines was dropped and a re-investigation of 
the production of hydrogen from formate was begun (Stephenson & Stickland, 
1932). L. H. Stickland (1929) had shown that washed suspensions of Bact. coli 
grown on a tryptic digest of casein medium, possessed a powerful formic 
dehydrogenase, but would produce hydrogen from formate only after a 
prolonged incubation with the substrate; it seemed as though hydrogen 
production were associated with the growth of the organism. The appearance 
of Karstrom’s paper (1930) on adaptive enzymes prompted the suggestion that 
the production of hydrogen and carbon dioxide from formate might be an 
adaptive phenomenon; accordingly Bact. coli was grown on media containing 
formate and it was found that washed suspensions of these ‘adapted’ cells 
decomposed formate to hydrogen and carbon dioxide. Enzymes producing 
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hydrogen -were called hydrogcniyases, and Uic formic enzyme, formic hydro- 
gcnlynsc, to distinguish it from glucose hydrogenlyasc, an en 23 'me considered 
to produce hj'drogen specifically from glucose; two distinct enz\*nics were 
postulated on the grounds that the substrate afimity curve and the pH curve 
for the two processes differed from one another. This view met with considerable 
opposition and it now appears unlikely that there arc, in fact, two hydrogen- 
Ij^ascs in BacL coli. In an earlier paper Stephenson & Stickland had suggested 
that the production of hj’drogen from formate might be explained in terms of 
a coupled reaction between formic dchj'drogenasc and hj'drogcnasc: 
formic dehydrogenase 

HCOOH 2H-{-C02+2i? 

hydrogenase 

2ir4-2e ^ m 

If this were true, it was clear that all organisms producing hydrogen from formate 
must contain both hydrogenase and formic dchj'drogenasc. This was not the 
case; four strains of Bad. ladis aerogenes were found which made hj'drogCJi 
from formate yet contained no hj’drogcnase, and it was concluded that formic 
hydrogcnlj’asc was in fact a separate enzyme. The adaptive nature of formic 
hydrogenlyasc was established bj' Stephenson & Stickland (10336), for the 
enzyme was produced only when the medium contained formate and under 
conditions of partial anaerobiosis; further, cnzj'mc production seemed to be 
independent of growth. 

This work on adaptive enzymes turned M. S. to the study of the factors 
involved in enzyme formation, but hydrogen metabolism was not dropped. 
D. D. Woods (103G) showed that fonnic hydrogenlyasc was reversible and 
Woods & Clifton (1937) studied hj'drogcn formation from amino-aclds and 
demonstrated that formate was not an intermediary. In 1937 M. S. reviewed 
tlic position of formic hydrogenlyasc (Stephenson, 1937) and passed Ijcr final 
judgment on lij’drogcn metabolism in her contribution to the volume dedicated 
to A. .T. Kluyvcr (Stephenson, 1948). 

The formation of galactoz^'mnsc in the presence of the substrate by 
Saccharotnijees cern'isiae was investigated by Stephenson & Yudkin (1933) and 
in Bad. coli by Stephenson Sc Gale (lD37n). 

M. S. had alwaj's been interested in the omino-acid metabolism of bacteria, 
and under her guidance L. II. Stickland, and later D. D. ^^oods, elucidated the 
metabolism of Cl. sporogenes. It had been widely held that glucose exercised 
a ‘sparing’ action on amino-acids; this she disbelieved, and with E. F. Gale 
tmdertook the study of the enzjTUcs oxidizing amino-acids (Stephenson Sc Gale, 
19376), The method of attack was to examine the effect of different media nn<l 
conditions of growth on the formation of the alanine, glycine and glutamic 
deaminases. In all cases the presence of glucose in the medium inhibited the 
formation of the enz\^nc. This inhibition was due neither to the anaerohic 
conditions set up by t!ic resulting fermentation nor to tlic increase in hj drogen 
ion concentration. The enzymes, once fonntxl, were not markcdlj’ affected b\ 
glucose. 

The serine deaminase was next iavcstigatctl (Gale Sc Stephenson, 103S). The 
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enzyme resembled those previously studied in that its formation was inhibited 
by glucose, but it differed in that the deamination occurred both aerobically 
and anaerobically, and was much more rapid than those, previously studied. 
The enzyme was not stable; a suspension allowed to stand even at 0° lost its 
activity. This inactivation could be prevented by the addition of extracts of 
Bael. call, or by such reducing systems as hydrogen, formate, glutathione, all 
of which required phosphate for maximum activity. ' Reactivation after decay 
had taken place could only be brought about if the decay took place at 0°, 
and systems similar to those preventing decay also restored activity. 

In collaboration with A. R. Trim (Stephenson & Trim, 1938), the deami- 
nation of adenylic acid, adenosine and adenine was investigated. Adenylic 
acid was both deaminated and dephosphorylated; adenosine was rapidly 
deaminated whereas adenine was attacked but slowly, this last reaction being 
stimulated by adenosine. 

Meanwhile V. H. Booth and D. E. Green had made their wet-crushing mill 
which made possible the preparation of cell-free enzymes from bacteria. With 
this new tool M. S., with E. F. Gale and J. L. Still, made cell-free preparations of 
a number of enzymes from Bad. coli (cf. Gale & Stephenson, 1938; Stephenson, 
Gale & Still, 1939). 

When the second world war started, the possibility of a rubber shortage and 
the probable extension of the synthetic rubber industry stimulated M. S. to study 
the mechanism of the butanol fermentation, with a view to increasing the yield 
of solvents. This fermentation had never been examined by the use of washed 
cell-suspensions. Great difficulty was experienced in the preparation of active 
suspensions, for the enzymes involved were very labile. The inclusion of both 
glucose and yeast autolysate in the suspending medium, and careful attention 
to anaerobiosis throughout the preparation of suspensions finally gave, active 
preparations. This work was done with R. Davies as her co-worker (Davies & 
Stephenson, 1941). 

The microbiological assay of vitamins of the B group next engaged her 
attention, and although M. S. published nothing on this, she took an active 
part in the large-scale trials of the various methods, thought necessary as 
a result of the divergent values for the same materials reported by different 
laboratories. She did not enjoy this work, though the full-cream dried milk left 
over from the experiments was some compensation. 

When the war ended, M. S. became interested in the synthesis of acetyl- 
choline by micro-organisms. There were reports in the literature of the pro- 
duction of acetylcholine during the sauerkraut fermentation; this was confirmed 
(Stephenson & Rowatt, 1947), and the responsible organism isolated from sauer- 
kraut. The presence of choline in the medium was obligatory for the synthesis 
and, following up F. Lipihaim’s observations on acetylation by the liver, it was 
demonstrated that pantothenic acid also was a component of the system. 

Her last piece of work, not yet published, was concerned with nucleic acid 
metabolism; soon after she had begun this problem she wrote. . .‘I have got 
onto the most interesting piece of research I have ever done and where it s 
going to turn next I just don’t know.’ 
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JI. S. took an active part in founding the Socictj* for General Microbiology, and 
attending numerous preparatorj’ committee meetings between November 19 13 
and February 1945, when the Society was formally inaugurated. She was an 
Original Member, served on the Committee of the Society from its foundation, 
and was unanimously elected as the Society’s second President in September 
1947, which office she held at the time of her death. SIic attended her last 
Committee meeting only a few weeks before she dictl. 

The monograph, Bacterial MctaltoUsm (1030, 1939, 1949), enabled M. S. to 
reach a wider public, and in this she was aided by a lucid and forceful style; it 
is a very personal book. Tlic subject is presenteti in terms of cnzpnc mechanisms 
and she h.as little to say on those aspects which at the lime of writing were not 
amenable to tins treatment. It is interesting to compare the Uircc editiorts of 
Bacterial Metabolism with tins in mind, and to observe the .succession of 
problems which have been answered in tlicse Icnns. The book has been criticized 
on the grounds tliat it represents bacteria as ‘little bags of cnzvTncs’. In reply 
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sometimes used by those whose activities were being analysed. The analysis of 
motive was however a necessary means towards the end of planning an cn\nron- 
ment in which research workers could flourisli. She knew that it was only when 
one had begun to understand the motives that had led a person into research 
that one could give any useful advice if he seemed not to be making a success of 
it. She was unsj)aring in her condemnation of secrctivencss, personal vanity 
and competitiveness in scientists and for this reason jeered at most of the 
medals and awards that scientists on occasion confer on one another. Although 
she realized that it was probably unavoidable, slie looked on many of the 
consequences springing from the existence of bodies of limited membershi]), 
such as the Royal Society, as unfortunate. Each year when a new list of 
Fellows was published she would remark *. . .iJiat means a few more scientists 
can settle down to their work instead of fussing about their reputations’. In 
this context another comment of hers should be preserved: ‘Tlicse young men 
fuss about their reputations as if they were ageing virgins in a Victorian novel.’ 
The various disabilities to which women scientists are subjected were, in her 
opinion, almost compensated for by their freedom, between the ages of 35 and 
50, from this anxiety. As a feminist she was pleased when the old anomalous 
rule that women could not be Fellows of the Royal Society was abolished and 
slic was human cnougli to be gratified that she was one of tlie first to be 
admitted. Her pleasure was however marred by the realization tliat she 
might be accused of inconsistency on what had been almost a matter of 
principle. 

Outside the laboratory 31. S. had many interests. She was widely travelled 
and widely read and it would Iiavc been difficuU to find a conversational tlicme 
tliat would not have interested her. Slic was a fellow of Newnham College and 
spent a considerable amount of time working and thinking for the College and 
acting on those committees to winch she could contribute. Politics interested 
her greatly. As miglit be expected in a person of her indcjicndcncc of mind, 
slic did not adhere docilely to any party but supported particular activities of 
whatever party was being most useful at the time. Her main political activity 
wjus in the period 1931-1037 when she gave valuable help with advice, money 
and hospitality to those anti-war movements that looked on war as a mani- 
festation of economic and political imbalance. She was satisfied that if politics 
were the cause of war the cure must be political too. At the time of her death 
she wjvs a vice-president of the Association of Scientific Workers and had on 
many occasions been a source of strength to it; she was, for example, a guarantor 
during the period when its finances were rather insecure. 

Gardening always intcrcstetl her; at the house in wliich most of her life in 
Cambridge was spent the opportunity was jioor, but wlicn she movinl to more 
open surroundings her garden g:»vc her intense s.'itisfncfion. She l>elicvc<l 
strongly in its psychotherapeutic value and attributed the n‘lntivcly low crime 
and suicide rates in Rritain to our iwtionnl preoccupation with ganlcning. 
She often suggested that if tliosc scientists whose behaviour did not conic up 
to her standards would only undertake the rare of a ganlcn they would be 
much improved. From lime to time she |»aintcil, hut apparently with less 
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It may be asked, how else can bacterial metabolism be described save in terms 
of the actions of enzymes? Bactevial Metabolistn rendered a very great service 
by introducing to a wide public a new approach in the study of bacteria. In 
addition to tliis book slie wote the articles on Bacterial Chemistry in the first 
four volumes of the Annual Review of Biochemistry, thereby helping to keep 
biochemists in touch with what she considered to be the important advances 
in her own subject. The article of Avhich she was proudest, and over the writing 
of which she took great pains, was her obituary of Hopkins for the Biochemical 
Journal’, when she had finished it she exclaimed ‘I feel I know Hoppy now’, 
and he was, of course, her hero. 

Marjory Stephenson’s scientific outlook was strictly empirical. In her own 
field she kept her attention firmly on the actual observations and was less 
interested in the theories that flowed from them. This made her impatient 
with arguments that depended on the fitting of equations to observed curves; 
she used mathematics as a tool rather than as a guide. A quotation from the 
second edition of Bacterial Metabolism illustrates her attitude: 

In the problem of bacterial groivth advances have been made along newlines. 
Happily this subject now attracts mathematicians and statisticians less than formerly 
but has passed into the hands of biochemists interested in problems of nutrition; this 
has led to results of both theoretical and practical importance and has revealed inter 
alia that the complex and peculiar media employed by bacteriologists in the culti- 
vation of ‘difficult’ pathogens are rendered necessary owing to the inability of many 
parasitic organisms to synthesise for themselves certain molecules essential for gro^vth. 

The point also figures in some of her, lamentably infrequent, contributions to 
Brighter Biochemistry (a laboratory journal published in Cambridge). Her 
arguments, VTitten or verbal, depended on the assumption that a bacterium 
does not bring about actions by accident but is adapted for survival in some of 
the environments it may meet in Nature and that it is unlikely to retain a given 
capacity, against the flood of mutations and variations, unless it has survival 
value on occasion. M. S. was safeguarded from being led by physiology into 
simple teleology by this awareness of selection and of the probability that many 
enzymes do not bring about the same action in Nature that is studied in the 
laboratory. Enzyme specificity is never complete and in the economy of the 
bacterium an enzyme may be occupied with a different substrate or with 
catalysing an action in the reverse direction. In the environment supplied by 
Hopkins’s dynamic approach to biochemistry her physiological interest led her 
naturally to the study of adaptive enzymes and she liked to emphasize that 
they were a feature of microbial rather than vertebrate economy, because the 
former was suited to a variable and varying environment, whereas the latter 
maintains a relatively constant internal environment for its enzjunes. 

Marjory Stephenson adopted much the same attitude towards people as she 
adopted towards science. She was concerned with what they were actually 
doing and with their motives rather than with what they said they were doing 
and °why. This pursuit of personal information and discussion of motive, 
especially when undertaken by someone with her infectious gaiety, could 
become formally indistinguishable from gossip and the pejorative word was 
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sometimes used by those whose activities were being analysed. Tlic analysis of 
motive was however a necessary means towards the end of planning an environ- 
ment in which research workers could flourish. She knew that it was only whcji 
one had begun to understand the motives that had led a person into rescarcli 
that one could give any useful advice if he seemed not to be making a success of 
it. Slic was unsparing in her condemnation of sccretivencss, personal vanity 
and competitiveness in scientists and for this reason jeered at most of tlic 
medals and awards that scientists on occasion confer on one another. Although 
she realized that it was probably unavoidable, she looked on many of the 
consequences springing from the existence of bodies of limited membershij), 
such as the Royal Society, as unfortunate. Each year when a new list of 
Fellows was published she would remark . .that means a few more scientists 
can settle dowm to their work instead of fussing about their reputations’. In 
this context another comment of hers should be preserved: ‘These young men 
fuss about their reputations as if they were ageing virgins in n Victorian novel.’ 
The various disabilities to which women scientists are subjected were, in her 
opinion, almost compensated for by their freedom, between the ages of 35 and 
50, from this anxiety. As a feminist she was pleased when the old anomalous 
rule that women could not be Fellows of the Royal Society was abolished and 
she was human enough to be gratified that she was one of the first to be 
admitted. Her pleasure was however marred by the realization that she 
might be accused of inconsistency on what had been almost a matter of 
principle. 

Outside the laboratory M, S. Iiad many interests. She was widely trnvclletl 
and widely read and it would liavc been difnctilt to find a conversational theme 
that would not have interested her. She was a fellow of Nownham College and 
spent a considerable amount of time working and thinking for the College and 
acting on those committees to which she could contribute. Politics interested 
her greatly. As might be expected in a person of her indcpcmlcncc of niind, 
she did not adhere docilely to any party but siipportcd particular activities of 
whatever party was being most useful at the lime. Her main political activity 
was in the period 1931-1937 when she gave valuable help with advice, money 
and hospitality to those anti-war movements that lookctl on war ns a mani- 
festation of economic and i)olitical imbalance. She was satisfied that if politics 
were the cause of war the cure must be political too. At tlic time of her death 
she was a vice-president of the Association of Scientific Workers and had on 
many occasions been a source of strength to it; .she was, for example, a guarantor 
during the period wlien its finances were rather insecure. 

Gardening always interested her; at the house in which most of lier life in 
Cambridge was spent the opportunity was poor, but when she moved to more 
ojicn surroundings her gunlcn gave Iicr intense satisfaction. She bclicv«l 
strongly in its psychothcnipcutie value and altributctl tlic relatively low crime 
and suicide rales in Britain to our national prcoecui>alion with garticning. 
She often suggested llial if those scientists whose licliaviour did not conic up 
to her standards would only undertake the enre of a ganlcn they wouhl be 
much improved. From time to lime she painlwl, hut apparently mth less 
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SUailMARY: The number and distribution of flagella on six species of Pseudomonas 
varied considerably for different cells of a culture. The flagellation reported for 
certain species of Pseudomonas in the sixth edition of Bergey is in error. A flagellum 
on a Pseudomonas cell might originate laterally or terminally. In some electron 
rnicrographs the flagellum was apparently inserted into the cell and attached to the 
cytoplasm. The diameter of the flagella varied greatly, and there was a tendency for 
certain of them to stick together in bundles. Some pictures showed evidence for the 
tubular nature of flagella, but this may have been an artefact. The terms monotrichate, 
lophotrichate, and amphitrichate are of little use as an aid in identifying a bacterial 
species, and bacteria should be classified as motile or non-motile, and if motile as 
possessing either peritrichate flagellation or -with a tendency for terminal flagellation. 

The electron microscope has been very useful to bacteriologists as a tool for 
the study of bacterial morphology, particularly in the study of bacterial 
flagellation. The techniques are simpler than the usual flagella staining methods, 
and the results are certainly as reliable. Often many more flagella are observed 
with the electron microscope than -were previously reported by -workers using 
the flagella staining techniques (see Hofer, 1944). 

Two widely different methods are often used in electron microscope studies. 
One involves the use of the shadowing technique as outlined by. Williams & 
Wyckoff (1945). The other simply records electron-transmission and electron- 
scattering of the object itself. The shadow technique has the advantage of 
giving the picture a third dimension and aids greatly in showing the actual 
three-dimensional shape of an object, or to detect superimposed objects such 
as flagella passing over the surface of the bacterial cell. The shadow technique 
has the disadvantage that internal structure of the cell is hidden except as 
it might appear as a bump or protrusion on the surface of the cell. The simpler 
technique of recording electron-transmission and scattering by the object has 
the advantage of actually recording the internal structure of the dried cell. 
There has recently been a great tendency to ignore the latter technique in the 
study of bacterial morphology. The present paper deals with the number and 
origin of flagella of certain Pseudomonas species. The shadow technique was not 
used, principally because the necessary equipment was not available at the 
time the work was done. 

Previous studies on the flagellation of the genus Pseudomonas have used 
staining techniques. The reports have been confusing. Reid, Naghski, Farrell 
& Haley (1942) reported that all of 27 strains of Pseudomonas which showed 
monotrichate flagellation belonged to the species aeruginosa, while 603 strains , 
showing two or re flagella all belonged to the species fluorescens, Harris 
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(19-tO) reported that of 30 monotrichate strains of Pseudomonas studied, most 
were Ps. aeruginosa and a few were Ps. Jluorescens. Tlie sixth edition of 
Bergcy (1948) reports Ps, Jluorescens as being motile, possessing a polar 
flagellum, and Ps. aeruginosa as possessing one to three polar flagella in one 
sentence, and as being monotrichate in the next sentence. This same confusion 
exists for many other motile species of bacteria. Extensive electron microscope 
studies are obviously necessary to clarify and extend our knowledge of bacterial 
flagellation. 

EXPERUIENTAL METHODS 

Table 1 lists the twelve strains of Pseudomonas spp. studied. Tlic cultures 
were gro^Mi on nutrient agar slopes at 37® for 48 hr. hnd suspended in distilled 
water. The suspension was diluted to give well-isolated cells on the slide. This 
was necessary because more than one cel! in a low-power field made it diiricult 
to determine the origin of a particular flagellum. During the preparation of the 
suspension care was taken not to agitate the cells ui\neccssarily, and thus to 
risk breaking flagella from the cells. Collodion slides were prepared by placing 
a drop of the dilute suspension on the collodion-covcrcd screen, and after a few 
seconds shaking off the excess. The slide was then allowed to dr^Mn air. A oOkV, 
RCA, EMU Model, electron inioroscopc was used. Observations were made 
until variation in the number of flagella was demonstrated for each strain, or 
until it was felt that variation could not be demonstrated under the conditions 
of study. 

RESULTS AND DISCUSSION 

Table 1 presents the results obtained with the twelve strains of Pseudomonas, 
Si,x species were represented and In all c-\ccpl Ps. denitrijicans, the flagella 
varied from one to several per cell. This does not prove that Ps. dcnitrijicans is 
always monotrichate, because other strains and conditions of cultivation were 
not studied. One strain of Ps. Jluorescens seemed to be monotrichate, while 
other strains were lophotrichatc. Comparison of these results anth the type of 
flagellation recorded in Bergcy (19 tS) sho^^*s that wherever Bergey’s manual 
has made a specific statement, such as * possessing a single polar flagellum this 
study has shown the statement to !)c incorrect. 

The members of the genus Pseudomonas arc generally thought of as Iiaving 
terminal flagella. In this study flagella frequently appeared to originate on the 
sides of the cell, or even on opposite ends of the cell. Figs. 0, 10, 12, and 13 in 
Plates 2 and 0 show the origin of flagella over a wide area of the end of the cell. 
Two definitely lateral flagella can be seen in PI. 3, fig. 10. PI. 3, figs, i-t, 
15, show a single flagellum originating on the lateral part of the cell. One cell 
in PI. 8, fig. 15, has a rather vague object coming from it which is probably 
not a flagellum. PI. 3, fig. 10, shows two flagella originating from the lateral 
sxirfacc of the cell which join to form one large single flagellum. PI. 2, ligs. 7, 
8, show an amphitrichatc arrangement of the flagella. In PI. 2, fig. 8, (he 
flagella arc thick, in that they measure 0 020 /t in diameter, while those in 
PI. 2, fig. 7, arc very fine and mciisurc only 0*010 ft in diameter. Note also in 
PI. 2, fig. 7, that two flagella appear to join to form one flagellum. In all of 
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these pictures well-isolated cells are shown, and there is little chance that the 
■ flagella seen might originate from neighbouring cells. It is possible, however, 
that the. lateral flagella in PI. 3, figs. 14, 15, might have originated on the 
end of the cell and fold under the cell to emerge on the side. .The apparent 


Table 1. Number of flagella observed on Pseudomonas 




Flagellation as observed 



with electron microscope 



(present work) 


Flagellation as reported in 

1 

A. 

Organism 

Bcrgey (6th ed.) 

No. of cells 

Flagella/cell 

Ps. ovalis 

Motile, possessing a single 

5 

1 

A.T.C. No. 8209 

polar flagellum 

4 

2 



1 

4 



1 

5 



1 

6 

Ps. mildenbergii 

Motile, possessing polar fla- 

6 

1 

A.T.C. No. 795 

gella 

3 

4- 



1 

6 



1 

7 



“ 1 

15 

Ps. denitrificans 

Motile 

20 

1 

A.T.C. No. 8453 




Ps. puiida 

Motile, possessing polar fla- 

U 

1 

A.T.C. No. 4359 

gella 

5 

2 



1 

3 



1 

5 



1 

6 

Ps. Jluorescens 

Motile, possessing a polar 

15 

1 

A.T.C. No. 9721 

flagellum 



Stone R 1 


20 

1 



4 

2 

U.S.C. 


14 

1 



2 

2 



1 

6 

Ps. aeruginosa 

1 to 3 polar flagella 

30 

1. 

Stone 966 


5* 

2 


Monotrichous (Reid, et al.) 



Stone 41 a 


11 

1 

U.S.C. 46 


6 

1 

U.S.C. A1 


5 

1 



1 

8 

U.S.C. B1 


7 

1 



2 

2 


1 3 

* Also very numerous ‘pseudo’ flagella. 

A.T.C.= American Type Culture. 

Stone =R. W. Stone, Penn. State Univ. 

U.S.C.= University of Southern California. 

lateral origin of a flagellum was frequent, and of 220 flagellated cells twenty-one 
had lateral flagella. This indicates that the origin of flagella for various species 
of the genus Pseudomonas might not be restricted to the terminal area of the 
cell or only to one end of the cell. 
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PI. 2, fig, 6, shows many small flagella-likc structures originating from the 
end of the cell opposite the end with a large flagellum. These structures were 
very common on the cells from Pa. aertiginosa strain 0Gb, On observing this 
culture in a hanging drop preparation, it was found that this strain possessed 
a remarkably high degree of motility. Pis. 1, 2, figs. 4, 5, show more of these 
fine flagella-like structures. Their origin appeared to be at any point on the 
cell. 

The demonstration for the genus Pseudomonas of the lateral origin of flagella, 
the amphitrichate flagellation, and the fine flagella-like structures occurring 
almostanywhere on the cell, is compatible with thc*flagelladegcnerationHheory 
of Conn et al. (1920, 1938, 1940, 1947). Conn has stated that perliaps all motile 
bacterial cells were at one time pcritricliate; hence, a monotricliatc or lopho- 
trichate cell has merely lost the ability to produce flagella in certain areas. 
Thus, any area of the cell might possess the ability to produce a flagellum. This 
theory might also explain the fine flagella-Hke structures seen in Ps. aeruginosa 
9Cfc, in that tliey might represent ‘degenerate* flagella; but this is pure 
speculation. The present paper does not attempt to prov'c these stnicturcs to 
be flagella. There is some possibility tliat they might represent ‘Pseudo- 
flagella*, as described by Thjotta & Kass (1940), in which cose they might be 
simply strung-out capsular material. Supporting evidence that tliey might be 
flagella consisted of the extremely high motility of the cells of this culture, ns 
compared with the cells of other Pseudomonas cultures which did not show these 
structures. 

The variation in numbers and distribution of flagella, ns reported above, 
throws doubt on the usefulness of such terms os monolrichate, lophotricliate 
and amphitrichate, when these terms arc used to aid in the classification. It 
would seem best simply to refer to bacteria as being motile or non-motile; 
and if motile, as possessing cither pcritrichatc fiagcllation or a tendency toward 
terminal flagellation. 

PI. 1, figs. 1, 2, 8, show an apparent origin of the flagellum from the inner 
cytoplasm of the cell. The flagellum can be seen apparently to penetrate 
through the cell-wall, and then to c-xpand into a broad base ns it joins with the 
cytoplasm. This observ'ation was made on only a few of the cells. The fact that 
this insertion could not be seen for all flagella is avplicablc on the basis of the 
drj'ing effect of the electron microscope which causes the c^ioplasm to retract 
from the cell-wall and the flagella to break away from it. Sometimes, by luck, 
the insertion remained intact. Recently van Itcrson (1917) has published 
electron micrographs using the shadow-cast technique, which appear clearly to 
show a similar internal origin of flagella for Vibrio metchnikovii and SpiriUum 
serpens. However, in both the pictures presented in the present paper, and in 
the pictures presented by van Itcrson, there is the possibility that the flagella 
are merely underlying the cell-wall and tluat they really originate from the 
outer part of the cell; thus the apparent internal origin would be an artefact 
Johnson, Zworv'kin & Warren (1943) presented electron microscopic evidence 
to show that bacterial flagella did penetrate tlirough the cell-wall. They showed 
tlint cj-toplasm of certain cells of Achromobacter spp. had flagella attache<I even 
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tliese pictures well-isolated cells are shown, and j 
flagella seen might originate from neighbouring ■ 
that the. lateral flagella in PL 3, figs. 14, 15, i 
end of the cell and fold under the cell to erne: 

Table 1. Number of flagella ohsen'‘ 


Organism 

Ps. ovalis 
A.T.C. No. 8209 


Flagellation as repo; 
Bergey (Otli c. 

Motile, possessing 
polar flagellum 


Ps. mildenbergii 
A.T.C. No. 795 


Motile, possess! I 
gelia 

.(•K- 


however, 

aaedfau Hiey prb- 
.r.r 7M botii the cell- 
evidence, not 
ytA the capsular 
Lfs^soasbiMvedthat 
-i:r .-ipaRS Bacillus 
-rj' f£ gmuniition and 
- be that confusion 
— .vrifKa based on a single 

•jjs* twa sasaHw^fiagella, 

Sait ■ " .^pnaller 


Ps. denitrificans Motile 

A.T.C. No. 8453 

Ps. pulida Motile, pos'^^ 

A.T.C. No. 4359 gelia 


Ps. Jluorescens Motile, j 

A.T.C. No. 9721 flagellu! 

Stone B 1 
U.S.C. 


Ps. aeruginosa 1 to ■ 

Stone 906 

Mo’- 

Stone 41 a 
U.S.C. 40 
U.S.C. A1 

U.S.C. B1 


* Also ver- 
A.T.C. 
Stone - 
U.S.C. 

lateral origin of a flagellu- 
had lateral flagella. 
of the genus Pseudomo. 
cell or only to one end 
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this appearance, then, is in doubt, and the necessity for more work along these 
lines is strongly indicated. 

Tlie author is indebted to Dr Daniel C. Pease and Dr R, F. Baker, of the School of 
Medicine, University of Southern California, for instruction and assistance in the 
operation of the electron microscope. Dr U. W. Stone of Pennsylvania State 
University very’ kindly provided several of the Pseudomonas strains studied. 
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EXPLxVNATION OF PIw\TES 
Plate 1 

Fig. 1. Ps. aeruginosa (00 b). Showing apparent origin of a flagellum from Inside of cell. 

X 82,000. 

Fig. 2. Ps. oenigitiosa (00b). Showing npparent origin of n flagellum from imidc of cell. 
X 130,000. 

Fig. 3. Pt. denitrifieans (A.T.C. No. 8453). Showing apparent origin of n n.ngellum from 
inride of cell, x 05,000. 

Fig. 4. Ps. aentginosa (00b). Showing apparent tubc-like slructure of large fkigclla, nlvo 
^*cry fine fiagclla-like strands, x 120,000. 

S3 


cum 3 
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though the cell-wall had apparehtl}^ been removed. They also found, however, 
fragments of cell- wall, devoid of cytoplasm, with attached flagella. They pro- 
posed a theory that flagella might be composed of elements from both the cell- 
V all and the cytoplasm. Leifson (1931) also presented some evidence, not 
obtained by the electron microscope, which seems to rule out the capsular 
origin of flagella in the manner proposed by Pijper (1947). Leifson showed that 
flagella appeared and began to grow in length while the spores of Bacillus 
cereus, B. vulgaris and B. flavus were in the early stage of germination and 
before the cell had acquired much, if any, motility. It could be that confusion 
is occurring simply because Pijper generalized observations based on a single 
species of bacteria. 

PI. 3, fig. 11, shows a flagellum which has split into two smaller flagella, 
PI. 2, figs. 9, 10, show bundles of flagella which split into many smaller 
units. Practically every publication with electron microscope pictures of motile 
bacteria has shown the existence of ‘split’ flagella. Obviously, bacterial 
flagella tend to stick together when the}'- are in juxtaposition. PI. 2, figs. 7, 8, 
as commented upon earlier, obviously show the existence of flagella of 
different thicknesses. These flagella, as far as could be determined, were single 
flagella. The obsen^ation of variable thickness, and the sticking together of 
flagella, is in agreement with the observations of Johnson, Zworykin ifc Warren 
(1943) in their studies of the flagellation of cells of luminous bacteria. 

Pis. 1, 2, figs. 4, 5, show a surprising indication of structure for a 
flagellum. The pictures suggest either a tubular structure, or two flagella held 
together by a fine sheath. The existence of tubular structure in bacterial 
flagella is a matter of considerable debate. Polevitsky (1941) reported the 
apparent tubular structure of flagella in her electron microscope study of 
several unnamed genera of bacteria. Mudd & Anderson (1942) made similar 
observations for Eberthella typhosa treated with 0-59 m lead acetate. However, 
they believed the appearances to be artefacts and the structure to be due to the 
accumulation of dissolved protoplasmic components along the sides of the 
flagella during the drying of the preparation. This contention was supported by 
the observation that the tubular structure occurred only in the areas adjacent 
to what were termed ‘lysed’ cells. The same flagellum would appear tubular 
near the cell, but structureless at a distance from the cell. It is possible, 
however, to interpret their pictures differently,* in the area adjacent to the cell 
the lead acetate might be in higher concentrations, and this, as shown in an 
earlier section of their paper, might increase contrast so as to make the tubular 
structure appear. The cells pictured in the present paper were in no way treated ; 
nevertheless the tubular structure appears throughout the length of the 
flagellum, and the background is clear. Moreover, if the dark edges were due to 
accvmiulated dirt, then this line might also be expected to occur along the edge 
of the cell-wall ; but this was not so. It is also possible that the double structure 
could be two small flagella lying parallel and held together by a thin sheath. 
The joining of turn flagella in PI. 3, fiig. 16, lends support to this explanation, 
but it seems improbable, since many ‘tubular’ flagella were seen with no 
indication of the joining of two flagella at the base. The exact interpretation of 
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Plate 2 

Fig. 5. Ps. aeruginosa (90i). Sliowing apparent tube-like structure of large flagella, also 
very line llagclla-like strands, x 52,000. 

Pig. 0. Ps. aeruginosa {90b). Showing many fine flagella-like structures on one end of cell. 
X 30,000. 

Pig. 7. Ps. aeruginosa (U.S.C. Al). Showing amphitrichate arrangement of flagella. 
X 38,000. 

Fig. 8. Ps. putida (A.T.C. No. 4359). Showing amphitrichate arrangement of flagella. 
X 38,000. 

Fig. 9. Ps. mildenbergii (A.T.C. No. 795). Showing a bundle of flagella splitting into separate 
units. X 42,000. 

Fig. 10. Ps. mildenbergii (A.T.C. No. 795). Showing the splitting of bundles of flagella into 
separate units, x 52,000. 

Plate 3 

Fig. 11. Ps. aeruginosa (U.S.C. A 1). Showing split flagellum, also cell vacuole, x 28,000. 

Pig. 12. Ps. puiida (A.T.C. No. 4359). Showing the origin of flagella over a wide area on the 
end of a cell, x 38,000. 

Fig, 13. Ps. mildenbergii (A.T.C. No. 795). Showing lateral origin of flagella, x 32,000. 

Fig. 14. Ps. aeruginosa (905). Showing lateral origin of a flagellum, x 34,000. 

Fig. 15. Ps. aeruginosa {90h). Showing lateral origin of a flagellum, x 38,000. 

Fig. 16. Ps. mildenbergii (A.T.C. No. 795). Showing lateral flagella uniting to form one 
flagellum, x 34,000. 


(licceived 9 October 1948) 



Fi"s. 1— i 


.1. W. IUnTiu>i.nMr.w Fi.,vgj:i.u\tion or Pam/OMOSAS. Pl-vti: 1 




Journal of General Microbiology, Vol. 3, No. 3 







347 


The Biological Assay of Penicillin by a Modified 
Plate Method 

By K. A. BROWNLEE, P. K. LORAINE avd J. STEPHENS 
The liescarch Lahoralnries of Ihe Disinters Company 
Limited, Great Burgh, Epsom, Surrey 

SUMMAEY : Tlie general form of assay for streptomycin described by Bromilcc, 
Delves, Dorman, Green, Grenfell, Johnson & Smith (1048), based on an 8x8 unasi- 
Latin square layout of cavities on a large ngar-covered glass pinte, in place of Petri 
dishes, can be adapted to penicillin. A new design, using tlic principle of double 
confounding, allows the estimation by the usual four-point assay, of seven (instead of 
three) unltnown solutions per plate of 0 4 holes. In routine use this assay gives ilducial 
limits (P=: 0*95) of about ±9.0%, including dilution errors. 

The assay procedure previously described in this Journal (Brownlee et al. 19 18) 
for streptomycin, is immediately ndaptablc to penicillin. For dealing witli 
large numbers of fermenter samples in particul.ar, we have found modifientions 
desirnble, which we describe in the jircsent paper. 

Experimental design 

The basic plate takes 01 holes nrrangerl in an 8 x 8 square. For the strepto- 
mycin assay, Yates’s (1937) arrangement of a quasi-Latin square w.as used to 
assay three unknown sohttions in terms of n standard, nil solutions going on 
the plate at two dilutions in a certain order dcsignctl to eliminate bias arising 
from the time taken to complete the filling of the plate. A slightly less neenrate 
assay was desired which would allow us to test considerably more than three 
‘unknowns’ per plate. The solution of the problem in statistical design is ns 
follows. 

Fisher (1942) gives an account of the theory of double confounding, in which 
two restraints can be imposed on the layout of the factorial c.vpcrimcnt, Imr 
the 2S experiment, Brownlee (19 IS) gis-cs the most generally useful pair of sets 
of interactions for double confounding in 8 blocks of 8 and 8 blocks of 8 ns 
PQllS, IISTV, PQTU, PET, QST, PSV, and QnV, 

and pqitu, PEST, QSTU, PQS, ESV, EQT, and PTU. 

Here the two categories of blocks will correspond to rows and to columns. 

If the three factors P, E and S are nllocatcil to denote the 8 levels of a .single 
factor corresponding to 8 solutions (one standard and seven ‘unknowns’), T 
to denote dilution, to denote lime of filling (Initial / and Final F), and U to 
be a dummy factor, then a design is arrived at which is satisfactory in its 
essentials; for the factors used m calculalion of potency, namely the 7 degrees of 
freedom (P, E, S, PE, ES, SI\ PES) corresponding to solutions, and the 
1 degree of freedom (T) corresponding to dilution, will all lie unronfoundcsl. 
The defect of this <lcsign is that 2 out of the 7 tlegrces of freedom for differences 
in sIo])C (the intcmclion between solutions and levels) arc confounded, nnd 
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The Biological Assay of Penicillin by a Modified 
Plate Method 

By K. a. BROWNLEE, P. K. LORAINE an'd J, STEPHENS 
The Research Lnloratories of the DisUllers Company 
Limiiedi Great Burghs Epsom, Surrey 

SIBDIARY: Tlie general form of assay for streptomycin described by Brownlee, 
Delves, Dorman, Green, Grenfell, Jolmson & Smitli (1048), based on an 8 x 8 quasi- 
Latin square layout of cavities on a large agar-covered glass plate, in place of I’etri 
dishes, can be adapted to penicillin. A new design, using the principle of double 
confounding, allows the estimation by the usual four-point assay, of seven (instead of 
three) unknown solutions per plate of G4 holes. In routine use this assay gi\-cs Hduclal 
limits (P—O'flS) of about ±0-6 %f including dilution errors. 

The assay procedure previously described in this Journal (Brownlee ei aL 19 18) 
for streptomycin, is immediately adaptable to penicillin. For dealing with 
large numbers of fermenter samples in particular, wc have found modifications 
desirable, which we describe in the present paper. 

Experimental design 

The basic plate takes C l holes arranged in an 8 x 8 square. For the strepto- 
mycin assay, Yates’s (1937) arrangement of a quasi-Latin square was used to 
assay three unknowTi solutions in terms of a standard, all solutions going on 
the plate at two dilutions in a certain order designed to eliminate binsS arising 
from the time taken to complete the filling of the plate. A slightly less accurate 
assay was desired which would allow us to test considerably more than three 
‘unknowns’ per plate. The solution of the jwoblcm in statistical design is ns 
follmvs. 

Fisher (1942) gives an account of the theory of double confounding, in which 
two restraints can be imposed on the layout of the factorial experiment. For 
the 2« experiment, Bromilcc (19 tS) gives the most generally useful pair of sets 
of interactions for double confounding in 8 blocks of 8 and 8 blocks of 8 us 
PQRS, RSl'U, PQTU, PUT, QST. PSP, ami QRU, 

and PqnU, PRST, QSTU, PQS, liSO, RQT, and PTU. 

Here tlie two categories of blocks will correspond to rows and to columns. 

K the three factors P, R and S arc allocated to denote the 8 levels of a single 
factor corresponding to 8 solutions {one standard and seven ‘unknowns’), T 
to denote dilution, Q to denote time of filling (Initial / and Fnml /■’), and U to 
be a dummy factor, then a design is arrived at whicli is satisfactory in its 
essentials; for the factors used in calculation of potency, namely the 7 degrees i>f 
freedom (f*. R, S, PIl, IfS, SP, PRS) corresponding to .solutions and the 
1 degree of freedom (T) corrcspomliiig to dilution, will all be unconfoundeti. 
The defect of this design is (1ml 2 out of the T tlcgrecs of frcc<Iom for dilTcrenccs 
in slope (the interaction between solutions and levels) arc confoundrti, and 
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C O g,; glucose, 1*0 g.; agnr, 15 g.; distilled water to 1 I., pH 8-0 before nuto- 
cla^nng at 15 lb. pressure for 20 min.), transferred each evening and incubated 
overnight at 37®. From this a subculture is made each evening in nutrient 
broth (peptone, 5-0 g,; yeast extract, 1*5 g.; beef extract, 1*5 g.; NaCl, 3’5 g.; 
ICjIlPO^, 3-G8 g.; 1 vH 2 P 04 » 1*32 g.; glucose, 1*0 g.; distilled water to 1 I., 
pH 7*0 before autoclaving at 15 lb. pressure for 20 min.), which is incubated 
overnight at 87®. The broth is adjusted to an opacity between 1 and 2 on 
Brown’s scale (Burroughs, "Wellcome and Co. Ltd. opacity tubes), and 0-3 ml. 
seeded into 150 ml. of assay medium. 

The plates and frames are wiped over with acid ethanol (3 % HCl in 95% 
ethanol), which is an adequate means of sterilization, and held at 50® for 
1-2 hr., to dry them and to bring them up to the required temperature for 
pouring. The medium and plates should be at roughly the same temperature 
to ensure that the medium spreads evenly over tlic plates before it begins to 
set. When poured, the plates are placed on a level table, where they may be 
stacked two or three deep, and left for about an hour. The cavities are then cut 
with a no, 5 cork borer, previously sterilized by dipping in ethanol and flaming, 
and the agar plugs picked out with a spear-headed dissecting needle similarly 
sterilized. A multiple borer may be used which cuts all the cavities at once, 
but this must be kept well sharpened, othciavise the cavities become irregular. 

The pcniciiiin standard is a sodium salt of penicillin G, 2C07 units/mg.; 
a 320 units/ml. solution is made up each day in pH 0*0 buffer (50 ml. 0*1 si- 
ICH 2 P 04 + 5 'C 4 ml. O'lst-NaOH made up to 100 ml.) and from this the 
1‘0 units/ml. and 0-l unit/ml, solutions, used ns the Su and iS^respecUvcly, arc 
made up in pH 7'0 buffer (50 ml. O-lM-KHsPO^-f 29'54 ml. O-lsl-NnOH made 
up to 100 ml.). The previous day’s standard is also put on some plates. It has 
been found to deteriorate by about 4 % in thc2 1 hr., and is therefore not suitable 
for use as a standard; but is a safeguard in case anything should go wrong with 
the current day’s standard. 

■ All fermentation samples are first centrifuged or filtcrctl. Three stages of 
dilution then follow. The first stage is the same for all samples: 5 ml. arc diluted 
in a 50 ml. volumetric flask with pH G*0 buffer; this gives a 1 in 10 dilution. The 
second stage depends on the expected litre of the sample; acconling to whether 
this is approximately 100, 240, 320, 480 or 010 units/ml., the dilution ased is 
5 in 50, 3J in 50, 5 in 100, 8J in 100 or 5 in 200 respectively in pH 7*0 buffer; 
this gives the liigh concentration of the sample, i.c. 1/^ 2^, , etc. The next stage 
gives the low concentration, 1^, 2^, etc., and is again the same for all samples. 
Two ml. of the II solution arc added to G ml. of pH 7*0 buffer, previously run into 
a sample bottle by means of an automatic filler. The // and L concentrations 
of each sample arc now in sample bottles ready for filling. All pipettes, sample 
bottles and centrifuge tubes arc sterilized in an oven before use, and \*olumctric 
flasks are autoclaved, with the exception of those iisctl for making up stnndartls. 
which arc rinsed with sulphuric acid. 

Each operator lias her ovm filler and this must be us«l throughout a plntc, 
as the fillers vniy slightly in the volume they deliver, from nl>out 0 05 to 
0 00 ml., and it is important timt a constant volume should be delivered each 
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therefore it is difficult to carry out an exact sensitive test for parallelism. 
However, any gross non-parallelism would show itself, and could be checked 
by a repeat assay of the suspected solution alone against the standard. 

Table 1 shows the layout in accordance with the principle of double con- 
founding, with a typical set of results inserted. The design has been randomized 
with the restriction imposed that in any one row or column the high and low 


Table 1. Selected layout for the assay of seven unknown solutions of penicillin in 
a 6i-hole plate; with a typical set of results {units in millimetres on the 
enlarger with magnification x 6) 
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112 

Si 165 


160 

3i 

106 


159 

Si 

107 

2| 

148 

5i 100 

4i 

150 

6J 108 


117 

Gn 

150 


110 


143 

7i 

110 

Si 155 

li 

113 

8i 156 


155 

Si 

120 


160 

3^ 

110 


160 

6^102 

7i 

155 

SillO 


concentrations alternate; one of the reasons for this procedure is that it 
reduces the risk of any two inhibition zones overlapping. Of the few arrange- 
ments possible with this restriction, that selected has the initial and final 
fillings alternating in columns in sets of four. We justify this departure from 
pure randomization' on the grounds that {a) the mental strain of Ming a large 
number of plates would otherwise be intolerable, and (b) since every plate is 
different the ground can, as it were, be considered as being randomized 
underneath the design. 


Details of procedure 

To carry out about 70 assays per day 12 plates are required, allowing for 
a surplus of two in case of accident. For a dozen 150 ml. lots, about 2 1. of 
assay medium (Evans peptone, 10 g.; Yeastrel, 1-5 g.; Lemco, 3 g.; NaCl, 
3 5 g.; Davis agar, 20 g.; distilled water to 1 1., pH 7-0-7-2 before autoclaving) 
are required. 

To obtain it in a perfectly clear state, the medium is first autoclaved in bulk 
at 20 lb. pressure for 20 min., when some precipitation occurs, filtered through 
cotton-wool, divided into 150 ml. lots and re-autoclaved at not more than 
10-12 lb. pressure for 30 min. to avoid the formation of more precipitate 
which would affect the clearness of the zones. Sufficient medium for a week’s 
work can be made up at one time. The 12 flasks containing 150 ml. of medium 
for the day’s assay are melted in a steamer, cooled to about 50° and then stood 
in a water-bath at 45-50° until the temperature is constant, when they are 

ready for inoculation. . 

The test organism, Staphylococcus aureus 209 F (N.R.R.L,/313) is maintained 
on yeast beef agar slopes (beef extract, 1-5 g.; yeast extract, 2-0 g.; peptone. 



Biological assay of penidlUn 349 

g*; glucose, 1‘0 g.; agar, 15 g.; distilled water to 1 1., pH 8-0 before auto* 
claving at 15 lb. pressure for 20 min.), transferred each ev'cning and incubated 
overnight at 37®. Prom this a subculture is made each evening in nutrient 
broth (peptone, 5*0 g.; yeast extract, 1*5 g.j beef extract, 1*5 g.; NaCI, 3‘5 g.; 
I^HP 04 , 8 C 8 g.; KH 2 PO 4 , 1*32 g.; glucose, 1*0 g.; distilled water to 1 I., 
pH 7*0 before autoclaving at 15 lb. pressure for 20 min.), which is incubated 
overnight at 37®. The broth is adjusted to an opacity between 1 and 2 on 
Bro\Mi’s scale (Burroughs, Wellcome and Co. Ltd. opacity tubes), and 0-3 ml. 
seeded into 150 ml. of assay medium. 

The plates and frames are wiped over with acid ethanol (3% HCl in 93% 
ethanol), which is an adequate means of sterilization, and held at 50® for 
1-2 hr., to dry them and to bring them up to the required temperature for 
pouring. The medium and plates should be at roughly the same temperature 
to ensure that the medium spreads evenly over the plates before it bf^ins to 
set. When poured, the plates are placed on a level table, where they may be 
stacked two or tlirec deep, and left for about an hour. The cavities are then cut 
with a no. 5 cork, borer, previously sterilized by dipping in ethanol and flaming, 
and the agar plugs picked out with a spcar-hcaded dissecting needle similarly 
sterilized. A multiple borer may be used which cuts all the cavities at once, 
but this must be kept well sharpened, othenvise the ca\itics become irregular. 

The penicillin standard is a sodium salt of penicillin G, 1CC7 units/mg.; 
a 320 units/ml. solution is made up each day in pH C O buffer (50 ml. 0*1 M- 
ICH 2 p 04 +S'C 4 ml. 0 *l 3 i-NaOH made up to 100 ml.) and from this the 
1*0 units/ml. and 0-4 unit/ml. solutions, used as the Sfi and 5^, respectively, are 
made up in pH 7 0 buffer (50 ml. 0*1 M-KILPO 4 + 29*54 ml. O-lsi-NaOH made 
up to 100 ml.). The previous day’s standard is also put on some plates. It has 
been found to deteriorate by about 4 % in the 24 lir., and is therefore notsuitable 
for use as a standard; but is a safeguard in case anjihing should go wrong with 
the current day’s standard. 

• All fermentation samples are first centrifuged or filtered. Three stages o{ 
dilution then follow. The first stage is the same for nil samples : 5 ml. arc diluted 
in a so ml. volumetric flask with pH C O buffer; this gives n 1 in 10 dilution. The 
second stage depends on the expected titre of the sample; according to whether 
this is approximately ICO, 240, 320, 480 or 010 units/mh, the dilution used is 
5 in 50, 3j in 50, 5 in 100 , OJ in 100 or 5 in 200 respectively in pH 7*0 buffer; 
this gives the high concentration of the sample, i.c. 1 „, 2,,, etc. The next stage 
gives the low concentration, 1 ^, 2 ^, etc., and is again the same for all samples. 
Two ml. of the II solution are added to 0 ml. of pH 7*0 buffer, previously run into 
a sample bottle by means of an automatic ffllcr. The // and L con«:ntrations 
of each sample arc now in sample bottles ready for filling. All pipettes, sample 
bottles and centrifuge tubes arc sterilized in an oven before use, and volumetric 
flasks arc autoclaved, witli the exception of those used for making up standards, 
which arc rinsed with sulphuric acid. 

Each operator has her ovm filler and this must be uscil throughout a plate, 
as the fillers vaiy slightly in the volume they deliver, from about 0 05 lo 
0 00 ml., and it is important that n constant volume should l>c delivered cacli 
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therefore it is difficult to carry out an exact sensitive test for parallelism. 
However, any gross non-parallelism would show itself, and could be checked 
by a repeat assay of the suspected solution alone against the standard. 

Table 1 shows the layout in accordance with the principle of double con- 
founding, with a typical set of results inserted. The design has been randomized 
with the restriction imposed that in any one row or column the high and low 


Table 1. Selected layout fov the assay of seven uuktiown solutions of penicillin in 
a 6i~hole plate; mill a typical set of results (units in millimeires on the 


enlarger xoitli magnification x 6) 


CillO 

2^160 

Si 120 

11,168 

.5^165 

4 113 

6^150 

71113 

Si no 

1|1G0 

3^110 

21152 

3^160 

113 

5gl50 

4i 108 

120 

155 

4118 

6^147 

7glC0 

3i 106 

lilSO 

51107 

2^ 117 

6^150 

4ill0 

51143 

4^155 

Si 120 

IGO 

sliio 


3ill7 

41155 

51110 

7ll63 

51,155 

2lll0 

152 

11120 

51117 

7l 155 

6ll03 

4|157 

6ll45 

ll 114 

51160 

21115 

41 no 

150 

21112 

Si 165 

148 

51100 

4l 150 

61108 

7lno 

5| 155 

llll3 

3ll56 

IS 160 

61102 

71155 

51110 


concentrations alternate; one of the reasons for this procedure is that it 
reduces the risk of any two inhibition zones overlapping. Of the few arrange- 
ments possible with this restriction, that selected has the initial and final 
fillings alternating in columns in sets of four. We justify this departure from 
pure randomization' on the grounds that («} the mental strain of filling a large 
number of plates would otherwise be intolerable, and (h) since every plate is 
different the ground can, as it were, be considered as being randomized 
underneath the design. 


Details o f procedure 

To carry out about 70 assays per day 12 plates are required, allowing for 
a surplus of two in case of accident. For a dozen 150 ml. lots, about 2 I. of 
assay medium (Evans peptone, 10 g.; Yeastrel, 1*5 g.; Lemco, 3 g.; NaCl, 
3-5 g.; Davis agar, 20 g.; distilled water to 1 1., pH 7-0-7-2 before autoclaving) 
are required. 

To obtain it in a perfectly clear state, the medium is first autoclaved in bulk 
at 20 lb. pressure for 20 min., when some precipitation occurs, filtered through 
cotton-wool, divided into 150 ml. lots and re-autoclaved at not more than 
10-12 lb. pressure for 30 rain, to avoid the formation of more precipitatc- 
which would affect the clearness of the zones. Sufficient medium for a week ; 
work can be made up at one time. The 12 flasks containing 150 ml. of mediur. 
for the day’s assay are melted in a steamer, cooled to about 50° and then stor; 
in a water-bath at 46-50° until the temperature is constant, when they a 
ready for inoculation. 

The test organism, Staphylococcus aureus 209 P {N.R.E.L./313) is mam n 
on yeast beef agar slopes (beef extract, 1-5 g.; yeast extract, 2-0 g.; pept- 
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In this particular plate the residual variance S‘ is 5-190. To calculate the 
internal error of an assay in which the potency of the unknown is close to that 
of the standard, we use the approximate formula for the standard error of 
the logarithm of the potency ratio, which is 
2dsVn 
J5* ’ 

Avhere d is the logarithm of the dilution ratio, n is the number of observations 
at each of the four points of the assay. Here n=l, d=a0'C021 and =349-5 
and hence = 0-01548, with 30 degrees of freedom. 

The 95 % fiducial limits for the logarithm of the potency ratio arc + 0 03204 
and thus the limits for the potency ratio are 92-9 and 107-7%. These limits, 
however, are based on only the internal error of a plate and W'c are more 
interested in external estimates of error, which contain dilution errors, etc. The 
following e.xperiment w-as designed to obtain such estimates. 


Tabic 3. Seis of penicillin assaps carried out to 
determine magnitude of experimental errors 
Operator and I'lalc no. 




A 


B 


C 


D 

Dilution 

1 

2 

3 

4 5 

units/mi. 

C 

7 

8 

1/150 

323 

204 

300 

299 

300 

282 

810 

017 


370 

329 

312 

270 

300 

285 

200 

288 

1/200 

299 

303 

81C 

321 

302 

287 

317 

814 


317 

297 

310 

303 

200 

200 

814 

310 

1/300 

302 

309 

310 

307 

028 

28+ 

312 

320 


300 

317 

• 

302 

302 

323 

203 

301 

801 


The results of a scries of assays to measure the overall error are given in 
Table 8. Four workers each made up dilutions in duplicate of a standard 
solution at dilutions of 1/150, 1/200, and 1/300. This gave six solutions for 
each worker and these were each assayed on two plates. Thus one of the two 
dilutions at 1/150 made up by operator A gave 823 on the first of her plates and 
204 on her second. Her second dilution at 1/150 gave 370 on her first plate and 
329 on her second. The seventh position was left blank. The analysis of variance 
of the results is in Table 4. The variance of a single nss.ay is given by the sum of 
the components of variance in the last column, viz. 273-47, and the estimates) 
95 % limits of error for a single assay (including dilution errors) arc ± 10-8 %. 
In this set of results the errors in repeat dilutions arc rather large; they may 
have arisen from inadequate shaking of the flasks. 

Tins standanl of accuracy can be attained in practice. Over several d.ays 
Cl fennenter vessels were samplctl and ass.aycd in duplie:itc. The range between 
dnjilicates corrcsjiondetl to 95% error limits of ±9-0%. Sliould greater 
accuracy than this l>c rcf|uircd. it c.an be readily oblaincil by replication, the 
error limits of course being inversely proportional to the square root of the 
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time. The filler is rinsed with pH 7-0 buffer between all solutions, including the 
H and L of the same sample. The time taken to fill a plate is about 10-15 min. 
and in order to balance the time effect, which is evident after even half this 
period, two out of the four cavities for each solution are filled first, starting /r 
with the S‘jj, Si followed by sample \i,\i, and finishing with sample 7i ; 
the order is then reversed and the second two cavities for each solution are 
filled, starting with sample 7i, 7^ and returning to sample If, If and so back to 
Si, Sir. 

The plates are incubated overnight at 37°. It is advisable to distribute the 
plates on different shelves of the incubator, if possible not more than two deep, 
because packing increases the amount of condensation, favouring contamination 
which interferes with the clearness of the zones. The zones are projected for 
measurement on a screen, magnified six times (Brownlee et al. 1948). When 
finished with, the plates and frames are soaked in disinfectant for at least an 
hour before washing. 

Calculation of the potency ratio 

The usual formula for the potency ratio is antilog dDjB, where d is the 
logarithm of the dilution ratio, and 

D=Vrr+U,-S„-S, 
and B~IJ ij — XJj^+Sjj—Si^, 

where XJjj, Sjj denote the sums of the readings (here four) for the higher 
concentration of the unknown and standard respectively and Ui, the sums 
for the two lower concentrations. Both — and —S^ are estimates of 
the slope of the response curve for this particular plate, but in order to get the 
best estimate we can make use of all seven values of V h—V along with 
Su—Sj^. We should therefore use for B' 


The accuracy of the assay in practice 

The analysis of variance of the typical assay shown in Table 1 is given in 
Table 2. It' will be noted from the row and column mean squares, which are 
large in comparison with the residual mean square, how extremely effective the 
double confounding arrangement is in removing plate heterogeneity. 


Table 2. Analysis of variance of results in Table 1 


Source of variance 

Rows 

Columns 

Levels 

Solutions 

Solutions X Levels 

Time 

Solutions X Time 
Residual 
Total 


Jegrees of 
freedom 

Sum of squares 

Mean square 

7 

307-25 

43-89 

7 

415-50 

59-30 

1 

30,537-50 

30,537-50 

7 

977-50 

139-64 

5 

19-31 

3-86 

1 

42-25 

42-25 

5 

21-75 

4-35 

30 

155-88 

5-196 

03 

32,477-00 
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In this particular plate the residua! variance s- is 5*190. To calculate the 
internal error of an assay in which the potency of the unknown is close to that 
of the standard, wc use the approximate formula for the standard error of 
the logarithm of the potency ratio, which is 
2ds y/n 

where d is the logaritlim of the dilution ratio, n is the number of observations 
at each of the four points of the assay. Here n= t, d-0 C02l and 1?'«349*5 
and hence 5„ = 0*01548, with 30 degrees of freedom. 

The 95 % iiducial limits for the logarithm of the potency ratio are ± 0*03204 
and thus the limits for the potency ratio arc 92*9 and 107*7 %. These limits, 
however, arc based on only the internal error of a plate and we arc more 
interested in external estimates of error, which contain dilution errors, etc. The 
following experiment was designed to obtain such estimates. 


Tabic 8. Sets of penicillin assays carried out to 
determine moSnitude of experhnenlal errors 
Operator and Tlatc no. 


Dilation 
of sample 


A 

n 


c 

D 

1 

2 

3 

4 5 

uniU/m]. 

c ' 

7 

8 









1/150 

823 

29 ( 

300 

200 

300 

282 

310 

317 


370 

329 

312 

270 

300 

285 

290 

288 

1/200 

200 

003 

310 

32J 

302 

287 

317 

314 


817 

297 

310 

303 

200 

290 

314 

310 

1/300 

302 

309 

310 

307 

328 

284 

312 

320 


300 

317 

• 

302 

302 

323 

203 

301 

301 


The results of a series of assays to measure the overall error arc given in 
Tabic 3. Four workers each made up dilutions in iluplicafc of a standard 
solution at dilutions of 1/150, 1/200, and 1/300. This gave six solutions for 
each worker and these were each assayctl on two plates. Thus one of the two 
dilutions at 1/150 made up by operator A gave 323 on the first of her plates and 
294 on her second. Her second dilution at 1/150 gave 370 on her first plate and 
329 on her second. The scvcntli posHion was left blank. TJ)c analysis of variance 
of the results is in Tabic 4. Tlic variance of a single assay is given by tlic.surn of 
the components of variance m the last column, viz. 273* 17, and the cslimatwl 
()5 % limits of error for a single assay (inchidingrlilution errors) arc ± lO S %. 
In this set of results the errors in repent dilutions arc rather large; they may 
have arisen from inadeejuate shaking of the flasks, 

Tliis standard of accuracy can be nttaincti in pniclicc. Over several <lays 
01 fermenter vessels were sampled and assayctl in duplicritc. The r:\ngc Iwtwccn 
duplicates corrcsjiondcd to 95% error limits of ±0 (5%. Should greater 
accuracy than tliis lie rcquirc<l, it can he readily obtnmctl by replication, the 
error limits of course being inversely proportional to the st|uare root of tlie 
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number of replications. It is obvious that the replication should take place on 
different plates. Sevenfold replication, equivalent on the average to one 
unknown per plate, would give 95 % fiducial limits of 8-65 %. 


Table 4, Analysis of variance of results in Table 3 


Source of variance 

Degrees of 

Sum of 

Mean 

Component 

freedom 

squares 

square 

of variance 

Operators 

3 

1,5C0-5G 

523-187 


Dilutions 

2 

1800 

9-000 


Operators x Dilutions 

0 

2,096-50 

449-417 

- 

Plates within Operators 

4 

2,074-42 

518-605 

55-327* 

Plates within Operators x 
Dilutions 

8 

1,508-88 

188-604 

67-625 

Between repeat Dilutions 
witliin Operators 

12 

2,972-25 

247-687 

97-167 

Residual 

12 

640-25 

53-354 

53-354 

Total 

47 

11,479-81 

— 

— 


* In calculating this component of variance the Operators Mean Square has been pooled 
.■with that for Plates within Operators. 


To compare the relative efficiency of these large plates with that of Petri • 
dishes is not easy. Considering merely the number of holes to be cut, filled and 
measured, this sevenfold replication is equivalent to sixteen Petri dishes per 
unknown, but with Petri dishes we have never been able to obtain 95 % 
fiducial limits anything like as low as 3-65 %, A single plate is also probably 
more easily handled, poured, washed, etc,, than sixteen Petri dishes. It has 
been our experience that four operators can deal with 10 plates per day, 
i.e. testing 70 unknown solutions. 

It will be noted that the error between assays on the same plate is less than 
the error between assays on different plates, and therefore when one is engaged 
in experiments comparing different treatments, and not immediately concerned 
with the absolute value, it is advantageous to arrange the treatments so that 
they occur in blocks of seven, if necessary using the balanced incomplete block 
designs, a table of which is given by Fisher & Yates (1943). 

Acknowledgements are due to the Distillers Company Ltd. for permission to publish 
this paper, 

REFERENCES 

BnowrTT;r:, K. A. (1948). Industrial Experimentation, 3rd ed., Chapter xiv (i). 

L ;; H.M. Stationery Office. 

Bbow. K. a., Del-ves, C. S., DonaiAN, M., Gbeen, C. A., Gbeneell, E., 

J( . D. A. & Smith, N. (1948). The biological assay of streptomycin by 

" a li. Under plate method. J. gen. Microbiol. 2, ^0-58. 

). The Design o/ Eayerimen/s, 4th ed.. Section 45 . 2. Edinburgh: 

U 

, F. (1943). Statir'- Tables for Biological, Agricultural, and 

Table XIX. Edii : Oliver and Boyd. 

Design and An> ' Factorial Experiments, p. 35. Har- 
u of Soil Sf . 

{Beceived I 948) 





353 


The Relationship of the Aluminium Phosphate Precipita- 
tion of Organisms of Haemophilus pertussis strains to 
their other Biological Properties 

By J. UNGAB and P. W. JIUGGLETON 
G/oro Laboratories Ltd^, liesearch Divisiortt Greenfordt Middlesex 

SUMMARY : Of 40 strains of JlaeviophUus pertussis, 34 recently isolated strains 
^vere all agglutinated by Pliase 1 antiserum. Of 12 laboratorj' strains, 5 had lost their 
agglutinability. The agglutinablc strains verc precipitated by aluminium phosphate, 
and lysed by sodium hydroxide or 10% sodium desoxj-cholate and svere \*irulcnt to 
mice. The virulent strains, which were precipitable by aluminium phosphate, produced 
toxic substances in a fluid culture. Precipitation by aluminium phosphate provides 
a quick method for distinguishing saruient and avirulent stmins of II. pertussis. 

Suspensions of strains of HaeinophiUts pertussis that arc agglutinated by 
a Pliase 1 antiserum have been found also to be completely precipitated 
with aluminium phosphate, whereas stratus tliat become non-agglutinable by 
the Phase 1 antiserum also lose this prccipitability (Ungar & Mugglcton, 
1948). The object of the present communication is to show the relationship 
between prccipitability, agglutinability and certain other biological properties 
of difTerent strains of H. pertussis, cither freshly isolated from recent cases of 
pertussis or maintained in the laboratory for some time. 

It has long been knoim that strains o( Jl. pertussis maintained in artificial 
culture can pass through a scries of serologically difTcrcntiablc phases. In our 
study no attempt was made to classify the strains used into phases, except that 
wc assigned to Phase 1 all strains that were agglutinated to a high litre (over 
1/8000) with a rabbit antiserum prepared by inoculation with a freshly isolated 
strain. 

Altogether we tested 40 strains, of which St were received, immediately 
after isolation, from the Ccntnil Public Health Laboratory’ of the Public Health 
Laboratory' Scr^'ice or from the North Western Gro\ip Laboratory' of the L.C.C., 
and one from Prof. G. A. H. Buttle of the School of PJiarmacy, University' 
of London. The remainder were stock strains maintained in this laboratory' for 
vnrio\is periods; of these, six had been repeatedly subculturcd on Bordet- 
Gengou medium and were no longer agglulinnble with the PImsc 1 antiserum 
and the rest had been frecze-dried and stored. All tJ»c strains were kept frcczc- 
dried during the investigation and frequent culture from the frcczc-dricd stale 
was made to ensure that the strains used in the tests rcmninwl constant. 

Aluminitan jihosphate precipitaiiou of the strains 

A standard method of testing the prccipitability of the strains was useti 
throughout. The suspensions from 48 hr. Bordet-Gengou cultures were waslicd 
twice, resuspended in saline containing 0-2 % formaldehyde, to give a con- 
centration of c. 10'® organisms/ml., and held at room temperature overnight. 
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To 4 ml. of suspension in a test-tube 0-3 ml. of 5 % Na^HPO, was added, fol- 
lowed by 1 ml. of 2 % potassium alum, which was added slowly with constant 
stirring. The mixture was vigorously agitated for two minutes. After standing 
for 30 min. the hoccules had settled out, leaving a water-clear supernatant fluid 
when precipitation was eomplete. With strains that were not precipitated the 
supernatant fluid remained turbid and by comparing it turbidimetrically with 
a control suspension the percentage of precipitation could be estimated. 
Precipitation was usually performed at pH 6-5. The standardized technique for 
aluminium phosphate precipitation of the suspensions was devised on the basis 
of tests in wliicli the concentrations of the phosphate and alum solutions were 
varied. These tests fixed the minimum amount of adsorbent needed to precipi- 
tate all the organisms of a suspension of an average agglutinable strain; for 
the standard technique double this amount was used. Adsorption of the 
organisms was found to take place immediately the potassium alum solution 
was added at room temperature; the two minutes’ shaking gave the bacterial 
cells every chance to come into contact with the phosphate. 

The agglutinability of the strains 

The strains were tested for agglutinability by using a twice washed, 0-2 % 
formaldehyde-killed suspension containing 2000x10® organisms/ml. (Brown’s 
opacity tubes manufactured by Burroughs, Wellcome & Co., London). Equal 
volumes (0-5 ml.) of serial dilutions of Phase 1 rabbit antiserum and suspensions 
were mixed in Dreyer’s tubes and incubated for 2 lir, at 37° in a water-bath. 
The same batch of serum was used throughout the tests and the agglutinability 
of the strain was recorded as the greatest dilution of serum that would just 
cause granular agglutination visible to the naked eye. 

All the 46 strains of H. pertussis were tested for precipitability and 
agglutinability in this way, with results recorded in Table 1. 


Table 1. Relationship between agglutinability of Haemophilus pertussis strains 
with Phase 1 antiserum and pi-ecipitability loith aluminium phosphate 


Agglutination titre 
Phase 1 serum 

Behaviour with 
aluminium phosphate 


Number of strains tested and origin 

A 


5 lab. stock 
II <1000 

Not precipitated 


7 lab. stock 
1/12,000 to 1/10,000 

Completely 

precipitated 


34 freshly isolated 
1/8,000 to 1/30,000 

Completely 

precipitated 


Strains agglutinated by serum dilutions of 1/8000 or more were completely 
precipitated by the aluminium phosphate. One of the strains (83) grown from 
the freeze-dried state could be induced to change phase relatively quickly by 
about six subcultures only, on Bordet-Gengou medium. The strain was tested 
at each subculture and it was found that agglutinability and precipitability 
diminished in parallel after the 5th to the 8th subculture. 

Suspensions of H. pertussis killed and stored in 0-5 % aqueous phenol lose 
their agglutinability on storage in the refrigerator (Ungar, 1947). It was found. 
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liowcver, that suspensions so treated remained precipitablc with aluminium 
phosphate ; this suggests that the loss of agglutinnbility by spontaneous change 
of phase on repeated subculture difiers in mechanism from that caused by 
treatment with phenol. 


SusceptibiUty of strains to other prccipitants 
Various substances other than alumina and aluminium phosphate precipitate 
the suspensions. Cadmium phosphate was tested by adding 0*3 ml, of 5 % 
disodium phosphate and 1 ml. of 2 % cadmium chloride to 4 ml. of suspension. 
Crystalline magnesium ammonium phosphate was tested by adding 0 3 ml. of 
5 % disodium phosphate and 1 ml. of 2 % magnesium phosphate followed by 
0-01 ml. of ammonia (sp. gr. 0-880) to 4 ml. of suspension. The percentage of the 
suspended organisms precipitated by these four adsorbents, using seven strains, 
and the agglutination litres arc tabulated in Table 2. 


Table 2. Comparison of agglutinahility of seven strains o/Hacmophilus pertussis 
ivith their precipitahility by alumina^ aluminium phosphate, cadmium 
phosphate and magnesium ammonium phosphate 

Percentage prccipilability by 


Strain 

Agglutination 

titre 

Alumina 

Aluminium 

phospiiatc 

Cadmium 

phoiipitntc 

Magnesium 

ammonium 

piiosplmtc 

82 

l/>lfl,000 

100 

100 

100 

DO 

83 

l/> 10,000 

100 

100 

100 

00 

lot 

l/> 10,000 

100 

100 

100 

65 

102 

l/<500 

100 

20 

10 

0 

lOS 

1/1,000 

60 

50 

85 

75 

107 

1/<500 

80 

0 

0 

0 

IM 

1/<500 

00 

0 

0 

0 


All four adsorbents behave similarly in that the ngglutinablc strains arc 
precipitated to a greater extent than the non-ngglutinabic, the precipitation 
being complete with each substance except the magnesium salt. It is likely that 
the mechanism of adsorption is the same for all of them, the degree of adsorption 
being dependent on the adsorbent used. 

Tests on representative strains were designed to elucidate the difference 
between the two types of organism. 

Morjdiology and staining. Gram- and Glcinsa-staincd films of the strains 
used showed that the non-ngglutinnble organisms were smaller and more 
coccoid in shape than tlic ngglutinablc; they tcndwl to be Gram-jiositivc and 
also had a slightly greater nllinily for basic dyes, whicli suggcstwl a greater 
potential acidity in these organisms than in the iion-agglutinablc. The pll of 
suspensions that took up stain in this way was accHinlingly measures! by means 
of a glass electrode; no npprecinhlc dificrcuce in pll was o!)scrvc<l l>ctuccn 
suspensions of the two types. Measurements of this kind jirobahly give no 
indication of the potcnlinl acidity of the cells, which is what dctcnnincs tlieir 
staining alTmitics. It occurred tons, however, that there might bcdifTcrcnt pll 
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optima for precipitation of the two types of suspension with aluminium 
phosphate. We tested the precipitability of suspensions adjusted to various pH 
values with hydrochloric acid and sodium hydroxide over the range 4-0-8-0. 
The pH of the suspension made little difference; non-agglutinable strains w'ere 
not precipitated over this pH range, whereas agglutinable strains remained 
precipitable over the whole of it. Below pH 4-0 the aluminium phosphate 
became increasingly soluble and even agglutinable strains were not precipitated. 

The strains were examined at several stages of growth by a modification of 
Fleming’s capsule stain (Jeffrey, 1948), but there was no marked difference 
bet^veen the non-agglutinable and the agglutinable organisms grovm for 48 or 
72 hr. Capsules were demonstrable in both types of organism and varied 
slightly in depth of staining and thickness according to the age of the culture. 

Growth characteristics. It is knov-n that freshly isolated strains will grow 
only on Bordet-Gengou medium containing about 25 % blood. By repeated 
subculture we diminished the percentage of blood required to support growth 
until the strains became non-agglutinable, when they grew sparingly on ordinary- 
digest agar without added blood. In a liquid partly defined cultme medium 
(Cohen & l^Tieeler, 1946) the non-agglutinable strains also grew more rapidly, 
producing a imiform turbiditj^ in the medium, instead of the stringy surface 
pellicle seen in cultures of freshly isolated, agglutinable strains. 

Chemical reaciions. During the investigation of the effect of pH on precipi- 
tation with aluminium phr* it was observed that the addition of a slight 
of sodium hydroxif ' f n to a suspension of agglutinable organisms 

2 -nrid Ivsis* of tli •' ccompanied by an increase in the viscosity 

'?• ’ h a non-aggk bic suspension, and we 

nf j-. iUimfinra su* 

1 nil. of 

invariably lysec ^ 
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essential compc 
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metlium was scraped off, washed twice in saline and instilled (0-1 ml. containing 
200 X 10® organisms) into the nostrils of six albino mice (weight lC-18 g.) under 
.cther-chloroform anaesthesia; the strain of animals was descended by close 
inbreeding from pure-line Strong A 2 ancestors. ■ Virulence was assessed 
according to the number of mice remaining alive on the 10th day. At the time 
of infection, organisms from the same cultures were tested for agglutinability, 
aluminiiun phosphate precipitability and bile- and soda-solubility. The results 
summarized in Table 3 indicate a close correlation between precipitability, 
agglutinability and the bile- and soda-solubility of virulent and avirulent 
strains and that aluminium phosphate precipitation provides a simple method 
for distinguishing the two types. 


Table 8 . Relationship betzcecn agglutinability^ precipitation xoith aluminium 
phosphate, virulence in mice and NaOH and bile solubility 


Strain 

Agglutination 

litre 

A1I’0< 

Virulence in mice. 
No. surx'ivinp group 

Solubility 

no. 

Phase 1 serum 

precipitation 

after 10 daj-s 

NaOH 

Dilc 

82 

■lyic.ooo 

+ + 

f/G 

+ -i- 

+ + 

88 

1/10,000 

+ + 

0/0 

+ + 

+ + 

102 

1/1,000 

50% 

0/0 

0 

0 

lo; 

1/10,000 

+ + 

0/0 

+ + 

-f + 

105 

l/< 1,000 

0 

3/0 

0 

0 

ISO 

1/<1,000 

0 

0/0 

0 

0 

151 

l/< 1,000 

0 

6/6 

0 

0 

107 

1/<1,000 

0 

C/0 

0 

0 

101 

1/20.000 

-h + 

0/0 

+ + 

+ + 

102 

1/10,000 


0/0 



108 

1/16,000 

+ + 

0/0 

-h-h 

+ -i- 

100 

1/8,000 

+ + 

2/0 

+ + 

+ + 

200 

1/12,000 

+ + 

0/0 

+ + 


201 

1/10,000 

-i- + 

0/0 

+ + 

+ + 

202 

1/8,000 

4.4. 

3/G 



203 

1/4,000 

4.4. 

3/0 


+ + 

204 

1/8,000 

+ + 

0/0 

+ + 


205 

1/30,000 

+ + 

0/6 

+ + 

+ + 

200 

1/10,000 

+ + 

0/0 

+ + 

+ + 

‘N’ 

1/30,000 

+ + 

1/0 

+ + 

-n- 

‘T’ 

1/10,000 

-}■ -f- 

0/0 

+ + 

+ ■+■ 

‘O’ 

1/S, 000 

-f- + 

0/0 

+ + 

+ + 


+ + =Completc precipitation or solubility. 


The intracerebral route of infection (Kendrick, Eldcring, Dixon & Jlisvcr, 
1947) was unsuitable owing to the great differences found between the minimal 
lethal doses of various strains; moreover only with a few strains have we 
obtained consistent results by tliis method. 


* Toxin' produced during greneth 

Wc compared the production of toxic substances during growth of the 
agglutinablcandtlicnon-agglutinablcstrains inthcli<]uid partly defined medium 
of Cohen & Wieeler (1910). A number of strains of botli types were grown for 
12 days at 87® in 10 oz. mctlical flat bottles containing 100 ml. of culture. On 
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optima for precipitation of the two types of suspension with aluminiun 
phosphate. We tested the precipitability of suspensions adjusted to various pB 
values with hydrochloric acid and sodium hydroxide over the range 4-0-8-0, 
The pH of the susjjension made little difference; non-agglutinable strains were 
not precipitated over this pH range, whereas agglutinable strains remained 
precipitable over the whole of it. Below pH 4-0 the aluminium phosphate 
became increasingly soluble and even agglutinable strains were not precipitated. 

The strains were examined at several stages of growth by a modification of 
Fleming’s eapsule stain (Jeffrey, 1948), but there was no marked difference 
between the non-agglutinable and the agglutinable organisms grown for 48 or 
72 lir. Capsules were demonstrable in both types of organism and varied 
slightly in depth of staining and thickness according to the age of the culture. 

Growth characteristics. It is known that freshly isolated strains will grow 
only on Bordet-Gengou medium containing about 25 % blood. By repeated 
subculture we diminished the percentage of blood required to support growth 
until the strains became non-agglutinable, when they grew sparingly on ordinary 
digest agar without added blood. In a liquid partly defined culture medium 
(Cohen & Wheeler, 1946) the non-agglutinable strains also grew more rapidly, 
producing a uniform turbidity in the medium, instead of the stringy stuface 
pellicle seen in cultures of freshly isolated, agglutinable strains. 

Chemical reactions. During the investigation of the effect of pH on precipi- 
tation with aluminium phosphate, it was observed that the addition of a slight 
excess of sodium hydroxide solution to a suspension of agglutinable organisms 
caused a rapid lysis of the bacteria, accompanied by an increase in the viscosity 
of the fluid. This did not occur with a non-agglutinable suspension, and we 
therefore investigated the solubility of suspensions of different strains. To 4 ml. 
of a standard suspension containing 20,000’ x 10® organisms/ml. in test-tubes, 

1 ml. of N-NaOH was added. After 30 min. the precipitable organisms were 
invariably lysed, whereas non-precipitable ones were not. A similar result was 
obtained with the alkaline 10 % sodium desoxycholate solution normally used 
for investigating the bile solubility oi Streptococcus ‘pneumoniae. The solubility 
of the alum-precipitable strains suggested that this phenomenon might be 
similar to that encountered in pneumococci, in which a polysaccharide is an 
essential component of the capsule. Concentrated suspensions of both types of 
organisms were positive when tested for the presence of polysaccharides by 
Molisch’s reagent. 

Suspensions of agglutinable and non-agglutinable organisms were examined 
electrophoretically after dialysis against a phosphate buffer at pH 6-5; the 
value of p at 4° for 2 days was 0-2. The organisms in both suspensions 
migrated towards the anode, indicating that they are negatively charged at this 
pH, but there was no clear difference between the two types of suspension. 

Comparison of agglutinability and precipitability with virulence in mice 
An attempt was made to associate agglutinability and aluminium phosphate 
precipitability with the virulence of the strains to mice after mtranasal 
instillation (Burnet & Timmins, 1937). The 48 hr. growth on Bordet-Gengou 
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medium was scraped off, washed twice in saline and instilled (O-l ml. containing 
200 X 10® organisms) into the nostrils of six albino mice (weight lG-18 g.) under 
ether-chloroform anaesthesia; the strain of animals was descended by close 
inbreeding from pure-line Strong A 2 ancestors. Virulence was assessed 
according to the number of mice remaining alive on the 10th day. At the time 
of infection, organisms from the same cultures were tested for agglutinability, 
aluminium phosphate precipitability and bile- and soda-solubility. Tlie results 
srimmarized in Table 8 indicate a close correlation between precipitability, 
agglutinability and the bile- and soda-solubility of ■virulent and avirulent 
strains and that aluminium phosphate precipitation provides a simple method 
for distinguishing the two types. 


Table 8. Hi^lation^hip betrcecn agglutinability^ precipitation xcitk ahuninium 
phosphate^ virulence in mice and NaOH and bile solubility 


Strain 

Agglutination 

litre 

AIPO, 

Vimlcnce in mice. 
No. surviving group 

Solubility 

no. 

Phase 1 scrum 

precipitation 

after 10 days 

NaOII 

Hite 

82 

1/10,000 

+ 4. 

f/C 

4.4. 

4.4. 

83 

1/10,000 

+ + 

0/0 

+ + 

+ + 

102 

1/1,000 

20% 

c/0 

0 

0 

104 

1/10,000 

4. 4. 

0/0 

+ -f* 

4.4- 

lOJ 

I/< 1,000 

0 

3/C 

0 

0 

140 

1/<1.000 

0 

G/G 

0 

0 

IM 

1/<1,000 

0 

C/C 

0 

0 

107 

1/<1,000 

0 

C/C 

0 

0 

191 

1/20,000 

4.4. 

0/0 

+ + 

-i- + 

102 

1/10,000 

-i- + 

0/0 

+ + 

+ + 

108 

1/10.000 


0/C 

-I- + 


100 

1/8,000 

+ + 

2/C 

+ + 

+ + 

200 

1/12,000 

4.4. 

0/C 

+ + 

+ + 

201 

1/10,000 

4.4. 

0/C 


-i- + 

202 

1/8.000 

-n- 

3/6 

+ + 

+ + 

203 

1/4,000 

+ -f- 

3/6 

-f- + 

4.4. 

20-t 

1/8,000 

+ + 

Old 


+ + 

205 

1/30,000 

+ + 

0/C 

+ + 

+ + 

200 

1 /10,000 

+ + 

0/0 

4.4. 

+ -i- 

‘N’ 

1/30,000 

+ + 

1/C 

4.4. 

+ + 

•T’ 

1 /10,000 

4.4. 

0/C 

+ + 

+ + 

•O’ 

1/4,000 

+ + 

0/0 

+ + 

4.4. 


4. + e= Complete precipitation or soJubility. 


The intracerebral route of infection (Kendrick, Eldcring, Dixon & Misver, 
1917) was unsuitable owing to the great differences found between the minimal 
lethal doses of various stmijis; moreover only with a few strains have wc 
obtained consistent results by this method. 


* Toxin' produced during grmeth 

IVc compared the protluction of toxic substances during growth of the 
agglutinable and the non-agglutinablcstrains in theliquid partly defined medium 
of Cohen & lllicclcr (1910). A number of strains of both types were gromi for 
12 days at 37* in 10 oz. medical flat bottles containing 100 ml. of culture. On 



J • U7igar and P. W. Muggleton ■ 

optima for precipitation of the two types of suspension with aluminium 
phosphate. We tested the precipitability of suspensions adjusted to various pH 
values with hydrochloric acid and sodium hydroxide over the range 4'0-8-0. 
The pH of the suspension made little difference; non-agglutinable strains were 
not precipitated over this pH range, whereas agglutinable strains remained 
precipitable over the whole of it. Below pH 4*0 the aluminium phosphate 
became increasingly soluble and even agglutinable strains were not precipitated. 

The strains were ex-amined at several stages of growth by a modification of 
Fleming’s capsule stain (Jeffrey, 1948), but there was no marked difference 
between the non-agglutinable and the agglutinable organisms grown for 48 or 
72 hr. Capsules were demonstrable in both types of organism and varied 
slightly in depth of staining and thickness according to the age of the culture. 

Growth characteristics. It is known that freshly isolated strains will grow 
only on Bordet-Gengou medium containing about 25 % blood. By repeated 
subculture we diminished the percentage of blood required to support growth 
until the strains became non-agglutinable, when they grew sparingly on ordinary 
digest agar without added blood. In a liquid partly defined culture medium 
(Cohen & Wheeler, 1946) the non-agglutinable strains also grew more rapidly, 
producing a uniform turbidity in the medium, instead of the stringy surface 
pellicle seen in cultures of freshly isolated, agglutinable strains. 

Chemical reactions. During the investigation of the effect of pH on precipi- 
tation with aluminium phosphate, it was observed that the addition of a slight 
excess of sodium hydroxide solution to a suspension of agglutinable organisms 
caused a rapid lysis of the bacteria, accompanied by an increase in the viscosity 
of the fluid. This did not occur with a non-agglutinable suspension, and we 
therefore investigated the solubility of suspensions of different strains. To 4 ml. 
of a standard suspension containing 20,000 x 10® organisms/ml. in test-tubes, 

1 ml. of N-NaOH was added. After 30 min. the precipitable organisms were 
invariably lysed, whereas non-precipitable ones were not. A similar result was 
obtained with the alkaline 10 % sodium desoxycholate solution normally used 
for investigating the bile solubility of Streptococcus pneumoniae. The solubility 
of the alum-precipitable strains suggested that this phenomenon might be 
similar to that encountered in pneumococci, in which a polysaccharide is an 
essential component of the capsule. Concentrated suspensions of both types of 
organisms were positive when tested for the presence of polysaccharides by 
Molisch’s reagent. 

Suspensions of agglutinable and non-agglutinable organisms were examined 
electrophoretically after dialysis against a phosphate biiffer at pH 6-5; the 
value of /^ at 4° for 2 days was 0-2. The organisms in both suspensions 
migrated towards the anode, indicating that they are negatively charged at this 
pH, but there was no clear difference between the two types of suspension. 

Comparison of agglutinability and precipitability with virulence in mice 

An attempt was made to associate agglutinability and aluminium phosphate 
precipitability with the virulence of the strains to mice after intranasal 
instillation (Burnet & Timmins, 1937). The 48 hr. growth on Bordet-Gengou 
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medium was scraped off, washed twice in saline and instilled (0*1 ml. containing 
200 X 10* organisms) into the nostrils of six albino mice (weight 10-18 g.) under 
ether-chloroform anaesthesia; the strain of animals was descended by close 
inbreeding from pure-line Strong A 2 ancestors. Virulence was asscsse<l 
according to the number of mice remaining alive on the 10th day. At the time 
of infection, organisms from the same cultures were tested for agglutinability, 
aluminium phosphate prccipitability and bile- and soda-solubility. The results 
summarized in Table 3 indicate a close correlation between prccipitability, 
agglutinability and the bile- and soda-solubility of vinilent and avirulcnt 
strains and tliat aluminium phosphate precipitation provides a simple method 
for distinguishing the two types. 


Table 8. li^lationship betzcecn aggluiinabUitt/t precipiiation wilh aluminhun 
phosphate, virulence in mice and NaOH and bile solubility 



Agglutination 


Virulence in mice. 

SolubiUtv 

Strain 

litre 

AlPO, 

No. sumving group 





no. 

Phase 1 scrum 

precipitation 

after 10 days 

NaOII 

Bile 

82 

1/10,000 

+ + 

f/6 

+ + 

+ + 

83 

1/10,000 

+ -I- 

0/0 

+ + 

-I- + 

102 

1/1,000 

50% 

C/0 

0 

0 

101 

1/10,000 

+ + 

0/0 

+ + 

+ + 

103 

1/<1,000 

0 

C/G 

0 

0 

14G 

1/<1,000 

0 

0/0 

0 

0 

15t 

1/<1,000 

0 

c /0 

0 

0 

107 

l/< 1,000 

0 

G/C 

0 

0 

101 

1/20,000 

+ + 

0/0 

+ -I- 

+ + 

102 

1/10,000 

+ + 

0/0 

-!• + 

+ + 

lOS 

1/16,000 

+ + 

0/0 

+ -h 

+ -1- 

100 

1/8,000 

+ 4- 

2/C 

+ + 

+ + 

200 

1/12,000 

+ + 

0/0 

+ + 

-i- + 

201 

1/10,000 

-f- + 

0/0 

+ + 


202 

1/8,000 

+ + 

3/0 

+ + 

•f + 

203 

1/4,000 

+ + 

3/0 

-f- + 

+ + 

20t 

1/8,000 

-H- 

0/0 

+ + 

+ + 

205 

1/30,000 

+ + 

0/0 

+ + 

+ + 

200 

1/10,000 

+ + 

0/0 

+ + 

-i- + 

•N* 

1/30,000 

+ -f- 

1/0 

+ + 

+ + 

•T’ 

1/10,000 

+ + 

0/0 

+ + 

+ -i- 

‘O’ 

1/4,000 

+ + 

0/0 

+ + 

+ + 


+ + = Complete precipitation or solubility. 


Tlie intracerebral route of infection (Kendrick, Eldcring, Dixon & Jlisvcr, 
1947) was unsuitable owing to the great differences found between the minimal 
lethal doses of various strains; moreover only with a few strains have we 
obtained consistent results by this method. 


* Toxin * produced during ^roti th 

Wc compared the production of toxic substances during growth of Ujc 
agglutinnblcnnd the non-agglutinablcstrainsinthcliquid partly defined mcdiiim 

of Cohen & Wheeler (1910). A number of strains of both t>T>cs were gromi for 
12 daj-s at 37® in 10 oz. metlical flat bottles containing 100 ml. of culture. On 
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the 12th day 50 ml. quantities of all the cultures were .centrifuged for 2 hr. at 
c. 3500 r.p.m., and the supernatant fluids removed. One-fifth ml. of dilutions 
of 1/25 and 1/100 in saline were injected intradermally into the depilated flank 
of a rabbit, and the toxic reaction was recorded after 48 hr. The centrifuged 
organisms were resuspended in 0-2% formol saline and tested for agglutin- 
abihty. Our results (Table 4) confirmed the observations of Wood (1940), who 
used serum broth medium and tested the toxicity of the culture fluid by intra- 
peritoneal injection in mice, in that most freshly isolated strains in Phase 1 
produce a potent ‘toxin’ during their groudh in liquid medium. 

Table 4. Relatioiishij) between aggluiinability and Hoxin’’ 
production in liquid semi-defined medium 

Toxic reaction in rabbit skin 



Agglutination 

/ 

A 

Strain no. 

titre of organisms 

1/25 toxin 

1/100 toxin 

82 

1/10,000 

-)- + 

+ 

83 

1/10,000 

-b + -i- 

+ + 

102/A 

1/10,000. 

-f 

-t- 

104 

1/10,000 

-h -h -{- 

+ + 

105* 

l/<500 

-i- 

+ 

• 140 

l/<500 

0 

0 

154 

l/<500 

0 

0 

107 

l/<500 

0 

0 

191 

1/10,000 

+ + 

0 

192 

1/10,000 

+ + 

+ -t- 

190 

1/5,000 

+ 

0 

199 

1/10,000 

-h 

+ 

203 

1/10,000 


-b-f 

204 

1/5,000 

+ 

+ 

209 

1/10,000 

+ + + 

-b + -b 

210 

1/10,000 

-i- + 

"b -b 


+ + + =Dermonecrotic reaction and haemorrhage c. 4 cm. diameter. 

-f + =Dermonecrotic reaction and haemorrhage c. 2 cm. diameter. 

+ =Dermonecrotic reaction without haemorrhage c. 1 cm. diameter. 

0 = No reaction. 

* Strain 105 is exceptional in that, besides forming a toxic substance, it is partly virulent 
in mice (see Table 3). 

The non-agglutinable strains, with the exception of strain 105, did not produce 
a potent toxin. An investigation of the toxins produced by some of the Phase 1 
strains confirmed Wood’s observations that the culture fluids are detoxified by 
Seitz filtration, and by treatment with 0-2 % formaldehyde for two days, and by 
mild heat. We found further that the toxic solution was detoxified on passing 
through a diatomaceous earth candle or a sterilizing (No. 5) sintered glass filter, 
as well as b)’^ prolonged high-speed centrifugation (with precautions against 
a rise in temperature). The toxic antigenic component can also be precipitated 
with aluminium phosphate in the same way as a bacterial suspension (Ungar & 
Muggleton, 1948). These observations lead us to the conclusion that the toxin 
is probably a suspension of very fine particles rather than a true solution and is 
the result of disintegration of dead bacterial cells during growth of the culture. 
This may be related to the fact that the non-agglutinable strains, which do not 
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produce a toxic culture fluid, may be more resistant to disintegration, just as 
they are more resistant to the action of sodium hydroxide and bile salts. 
Alternatively the change of phase may be accompanied by cessation of toxin 
production. Table 5 summarizes the differences between the two types of 
strain. 


Table 5. Summary of differences beiiceen strains o/ Haemophilus pertussis 


Property 

Precipitation with oluminium 
phospliatc 
Morphologj' 


Capsulation 

Solubility in NaOII and bile 
£>alt 

Virulence in mice 
Endotoxin production in 
liquid medium 


Apglutinable strain 
(Titre l/>8000 with 
Pliase 1 scrum) 
Complete precipitation 

Short Gmm<positivc bacil- 
lus, about ]‘5/{ 

Capsulatcd (wide zone 
noticed after hr.) 
Completely soluble 

Mostly virulent 
Mostly toxin producing 


Xon-agglutinablc strain 
(Titre l/<500 with 
Phase 1 serum) 

Xo precipitation 

Shorter and smaller than ag- 
glutinablc organisms, about 
l/(, and tends ocftisionally 
to be Gram-positive 
Capsulatcil 

Insoluble 

Aviruicnt 

Xon-to\ir 


DISCUSSIOX 

After isolhtiou from the human host, strains of Haemophilus peiiussis undergo 
changes of phase on repeated subculUvatiou and lose their ability to be 
agglutinated by Phase 1 antiserum. Accompanying this loss of agglutin- 
ability is some change that makes the cell less .susceptible to ndsorjition by 
aluminium phospliatc and consequently less prccipitnblc. The means by wliich 
bacterial cells arc adsorbed on such insoluble compounds is not projicrly 
understood. It is possibly due to differences in charge on cells and adsorbent, 
but if tliis be so, the process is strangely unaffected by change of pll. Cells 
that liavc lost their agglutinability by Phase 1 antiserum and are no longer 
susceptible to the dissolving action of sodium hydroxide or bile salt still have 
cajisulcs demonstrable in sbiinctl preparations. This suggc-sts a condition similar 
to tlmt encountered in the streptococcus grouj), in which the bile solubility of 
Streptococcus pneumoniae is associated with an nntigenically active poly- 
saccharide capsule. The fact that the loss of agglutinability with Phase 1 serum 
shows fairly close correlation with the loss of virulence to mice infected hy the 
inlranasal route, and the absence of endotoxin when groi\m in siniplifictl mc<ha, 
arc noteworthy. The changes that take place on repeated .subculture, resulting 
in a much more rapid growth and .simpler growth requirements, arc certainly 
accompanied by a ‘deterioration’ of the strains. It is well known tlmt among 
some of the pathogenic bacteria the prevalence of rough dissocmnts of lalxinitors' 
strniiLs is aeconi]>anied by loss of vinilcncc and toxigcnicily, and this also seems 
to occur with Haemophilus pertussis strains. 
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Differentiation of the Vegetative and Sporogenous Phases 
of the Actinomycetes 

4, The Partially Acid-fast Proactinomycctcs 

By DAGNY ERIKSON 

I^olhamstcd Experimenlal Statiout Ilarpcnden, Herts, 

SUMMARY : About three liundred strains of pronctinomycctes were isolated from 
Rothamsted soils and examined together with certain strains from the National 
Collection of Tj'pe Cultures and other sources. Although little more than 9% were 
partially acid-fast on immediate isolation, subcultivation on rich media such as milk 
or nutrient glucose broth increased the percentage to 31 %• The strains showed a 
range of features, from the soft mycobacterial tj'pe of gTo^vth with transient vegetative 
mycelium and vety» sparse aerial mycelium, if any, to tlic hartlcr, more actinomycctc- 
likc variety. Of the acid-fast species Proaetinomyces opaexts, Proaclinomtjces salmoni- 
coloTf and Proaclinomyces parnjftnnc predominated. In all, ninety-two strains were 
observed continuously for nearly two years on a s'nricty of complex and simple 
media, and were stained at frequent intervals. Acid-fast cell elements occurred more 
often in complex protein- and fat-containing rnedia, and in chemically defined media 
containing paraffin or lai^c quantities of glycerol. They \*aricd in shape and size 
according to the species and the age and quality of the growth. It is thouglit tliat 
differences of permeability of tlic cytoplasmic membrane in different cnWronmcriU 
may account for tlicsc %*ariations. No evidence was obtained of any ‘resting spores’ 
or ‘clilamydosporcs’ in the vegetative mycelium. Since there arc no true spores In 
the aerial mycelium when it is present, the proactinomycctcs in general may be 
regarded as asporogenous. 

The proactinomycctcs (Jensen, 1931, 1932), also known as Acfitwmtjcrs Groups 
Ila and II6 (Orskov, 1923) and Nocardia (Waksman Sc Ilcnrici, lO-tSj Bcrgey, 
1948), arc distinguislied morpliologically from the true actinomycelc-s (Strepto* 
jnyccs Waksman Sc Ilcnrici) by (1) the transient nature of the vegetative 
mycelium, which may break up into rods and cocci after 1-3 days, and so 
produce a soft grow'th resembling that of mycobacteria; and (2) tlic infrequent 
development of an aerial mycelium, which may fragment, but does not divide 
evenly into spores, and which is often only of microscopical dimensions. 

Most workers agree tliat the sparse, often rudimentary, aerial mycelium 
cannot be regarded as a sporogenous phase. Yet genuine sporing actino- 
mycclcs can at times produce asporogenous variants, wdiich develop at tlic 
most only a few undivided aerial hyplinc exactly similar to those of pro.actino- 
mycctcs (Appleby, 1917; Erikson, lOIS). It is not impossible that there should 
be conditions under svhicli proactinomycctcs arc stimulated to greater aerial 
grow’th, and that the cell contents of some of the aerial filaments should divide 
and behave as happens in the corresponding hyphne of actinomycetes. It is, 
however, in the very variable slinpc and size of the cell elements of the sub- 
stratum or vegetative growth on diiTcrent mctlia that the great plasticity of 
this group is expressed. In the older mctlical literature and in the more recent 
work of Knassilnikov (1931) on soil organisms allied to mycobacteria, tlicrc is 
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frequent mention of peculiar swollen spore forms such as ‘chlamydospores’, 
‘resting spores’, ‘cystites’, ‘arthrospores’, which can be distinguished by their 
size and staining properties. 

The property of acid-fastness has been reported for many members of this 
group. Together with angular division, it is one of the characteristics which 
allies them with the mycobacteria. Jensen ( 1931 ), when proposing the species 
Proaciinomyces paraffinae, described certain branches of the vegetative 
mycelium as dividing up into acid-fast, spore-like bodies. On the other hand, 
it has long been known that the conidiospores of the aerial mycelium of certain 
species of actinomycetes are acid-fast (Lieske, 1921; Erikson, 1935; Basu, 1937). 
Bacterial endospores are also acid-fast. In this study a search was made in a 
large range of partially acid-fast proactinomycetes to determine: (a) which cell 
elements under a variety of cultural conditions are resistant to acid decolori- 
zation, using the method of Umbreit (1939); (b) whether they occur consistently 
and are capable of being interpreted as a sporogenous phase; (c) what factors 
favour the development of aerial mycelium. 

Source of the strains studied 

Conn & Dimmick (1947) state that ‘partially acid-fast organisms, apparently 
related to mycobacteria, do occur in soil; but. . .they do not seem to make up 
part of the predominant soil flora’. Jensen (1931), who used a complex casein 
agar medium for isolation, also considered that they were rare, and that it was 
necessary to make a special search for them or to use selective methods such as 
adding paraffin to the soil. Recent work in this department, following that of 
Gray & Thornton (1928),'suggests that they are fairly widely distributed. Thus, 
of eighteen Proaciinomyces colonies picked at random from soil-extract agar 
plates poured by a colleague in the routine plating of Rothamsted soils, twelve 
were found to be partly acid-fast when grown on nutrient glucose broth. That 
they can be easily overlooked is shown by the following experiment. Three soil 
plots were sampled, and all presumed proaetinomycete strains were immedi- 
ately tested for acid-fastness in the first subculture on semisolid soil-extract 
agar. The yields were: Plot A, 26 strains, 5 of them acid-fast; Plot B, 

37 strains, 2 acid-fast; Plot C, 28 strains, 1 acid-fast. But when these same 
ninety-one strains were subcultured three to four times on nutrient glucose 
broth or in milk and re-tested, the numbers acid-fast were: Plot A, 26 strains, 

14 acid-fast; Plot B, 37 strains, 11 acid-fast; Plot C, 28 strains, 12 acid-fast. 
These findings were confirmed at intervals, with one or two exceptions, and 
eventually 33 of the 91 strains proved to be partially acid-fast on some medium. 
This apparent enhancement of acid-fastness after the first isolation from soil is 
contrary to the usual decrease in such staining properties in pathogenic 
organisms of this group obtained from animal material. In this last case, 
however, they are generally grown on rich media from the beginning. 

Other experiments yielded similar results, and in all, during a period of 
nearly two years, about 300 proaetinomycete strains were examined. In 
addition, a few strains were received through the kindness of Dr Turfitt (from 
soils) and of Dr Sharp (from human pathological material). Some National 
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Proactinomyccs opacus 


, A. soft cream to pink growth on nutrient aga:^ 
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strains were ot the -ydotiophug-^. -.ft- -d^ 


(a) Cultural characters. 

Jensen and not so fi!amentou5°as his opam strains There is m- d'riht ti^ 

they shouldbeclasscd together. OnchemicaUydermcdagarmediasnchmsl^-.i^ 

nitote, ammonium lactate, and Oxford’s (1916) ammonium acetate medmm. 
growth \?as colourless and thin, and produced an initial mycelium the 
of which were more or less quickly divided into short rods. The addition ot 
0.01% MnSO, to Czapek's sucrose-nitrate agar usually stimulated the pro- 
duction of the pale pink pigment in the very moist, almost mucoid type ol 
growth which was characteristic of these strains. 

(6) Incidence o/aati-/art elmmU. Each strain was tested daily for a weth, 
and thereatlcr everj' week for tluec months, with the following results. 

Kutrient gluwsc broth: small mycelia and branching filaments, variably 
ncid-fast, up to the fourth day; from the fourth to the fourteenth day filaments 
scarce, generally not acid-fast, and short beaded rocb, partly acid-fast, pre- 
dominant; after the second week more add-fast rods in the cream surface scum 
tlian in the copious bottom deposit; at three months vm' short rods, sometimes 
coccoid, almost all non-add-fast in both surface and bottom growth; hroU 
‘occasionally turbid in the first w'cek, afterwards dear. 

Miltr slinrt. rofl5_ hwidwi. mncMv t 1 n^ flpul.fncf como .. 
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surface growth sliows mostly short rods and cocci which are somewhat more 
acid-fast than the comparable elements in the bottom growth; mostly non- 
acid-fast at three months. 

Czapek salts (nitrate) -f liquid paraffin: the branching filaments are more often 
not acid-fast and the short rods positive and variable. 

Ammonium phosphate, Czapek salts-}- solid paraffin: mostly short rods, 
positive. ’ 

Czapek salts (nitrate) -f increasing amounts of glycerol: short rods negative 
or variable up to 2-5 % glycerol; from 5 to 12-5 % coccoid rods, often in 
chains, constantly acid-fast. 

Czapek salts (nitrate) -}- 1 % various carbon sources (sucrose, glucose, 
galactose, maltose, lactose, xylose, sorbitol, dulcitol) : few branching filaments, 
mostly short rods, negative or occasionally variable, whether growth is good as 
in galactose, sorbitol, glucose, sucrose, maltose, or poor as in lactose, xylose, 
dulcitol; no acid produced. 

Czapek salts (sucrose)-f 0-1 % various nitrogen sources (sodium nitrate, 
ammonium phosphate, ammonium lactate, alanine, glycine, urea): similar, 
occasional branching filaments, mainly short rods, non-acid-fast, whether 
growth is poor (urea) or fair to good (all others). 

Thus, acid-fast cell elements predominated at the period of maximum growth 
in a free air supply in complex media; in a chemically defined medium they 
could be found only when substances such as paraffin or large quantities of 
glycerol were added; in all instances the elements which retained the stain were 
normal vegetative cells — branching filaments and the short rods into which 
they divide as the result of population pressure; cocci or large swollen cells 
were very rarely seen. 

(c) Development of aerial mycelium. The short simple aerial filaments, which 
on media like glucose, asparagine and starch-tryptone agar appear on the first 
to the third days then quickly wither away again, have been admirably depicted 
by Jensen (1931). I agree with him in finding no division into spores, and no 
difference in staining properties. Most of these strains produced a very thin 
dry growth on Oxford’s ammonium acetate agar, which tended to inhibit 
vegetative division so that the mycelia remained intact for 1-3 weeks and gave 
rise to aerial filaments that were relatively long and sometimes branched but 
not divided. When a cover-slip was pressed over these growths, it was impossible 
to distinguish betAveen substratum and aerial mycelium; there Avas no difference 
in refractilitj^ density of protoplasm, Avidth of filament, or thickness of cell Avail. 

Proactinomyces salmonicolor 

(o) Cultural characters. A rich salmon pink to yelloAV-pigmented soft groAvth 
on nutrient agars, and a more pasty and sometimes crumbly consistency 
compared Avith P. opacus. GroAvth fair to good and usually coloured on the 
simpler media such as starch-tryptone and ammonium lactate agars; particu- 
larly good and characteristic on Czapek’s sucrose nitrate agar -P 0-01 % MnS 04 , 
becoming somcAvhat dry and considerably convoluted. One strain immediately 
after isolation produced a darkening of the medium, but this property Avas lost 
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on subsequent, cultivation. Tlic cells on this medium are remarkably broad, 
highly refractile, and intensely Gram-positive. The development of largcswollen, 
spherical, pear-shaped and other irregular elements can be seen in hanging- 
drop broth cultures. They are to be found towards the centre of the drop after 
the initial division of the minute mycelium. At the margins of tlic drop where 
the film of liquid has spread thinly on the surface of the slip, the filaments tend 
to be longer and to spread in parallel bundt<^. The production of ‘cystites* is 
used as a diagnostic criterion in Bergey’s (194S) classification. 

{b) Incidence of acid-fasi elements. Nutrient glucose broth: minute inycclia 
and branching filaments up to 24 hr., mostly negative; few long filaments on 
the second day, generally acid-fast; from the third to the fourteenth day rods, 
often showing bipolar beading, and cocci, variable and negative; thereafter 
gradual loss of acid-fastness in beaded rods and cliains of cocci ; broth generally 
clear; no significant difference in staining reactions of top and bottom growth. 

Milk: up to the third day generally short branching filaments and rods, 
mostly negative; from fourth to fourteenth day increase in length of filaments 
which are usually strongly beaded and acid-fast; no dilTercnce in bottom 
growth; later, rods and cocci, mainly negative. 

Czapek solutions + liquid or solid paraffin: bipolar rods, long filaments, and 
chains of cocci, all usually acid-fast. 

Czapek salts -{-increasing amounts of glycerol: filaments and rods, mainly 
negative up to 2*5%; variable at 5%; mostly rods, constantly acid-fast, from 
7*5 to 12-5%. 

Chcmically-dcfincd solutions with various carbon and nitrogen sources: as 
for P, opacust with the exception that cocci arc generally produced; usually 
non-acid-fast; but the addition of a small quantity of JInS 04 (O’Ol %) to the 
sucrose nitrate medium resulted in numbers of beaded filaments, rods and cocci 
sliowing partial ncid-fastncss; four strains grew’ poorly in m*crcsol ns carbon 
source and were oil acid-fast. 

Here, although the developmental picture is of greater cornjilcxity than in 
the preceding species, ncid-fostnca? is not rcstrictwl to any special shape of cell. 
The large, spherical, or irregularly swoUen *cystitcs^ arc relatively few, appear 
in the early stages of growth, and arc seldom acid-fast. In the strongly bended 
rods and filaments which are typical of this species in all cultures, it is generally 
the cell w'nlls that retain tlic baste fuclisin for the longest periotls, while the 
condensed beads of cytoplasm take the counlcrstain. The enhancing effect of 
such additions lus paraffin and glycerol is not permanent; subculture from 
these metlia to starch-lrj'ptonc agar, on which tlic growth is usually non-acid- 
fast, yields cells that do not resist acid dccolorization. 

(c) Development of aerial mtjcelium. A few short, undividcil aerial filaments 
appear occasionally on stnrch-tryptonc, ond more often and more persistently 
on ammonium acetate agar. On one-month-old Czapek sucrose nitrate plates 
the rather drv, convoluted pink growth of some strains developed a thin wliitc 
frosting of aerial mycelium. Certain of the individual threads Inter produced 
septa at irregular intcr\*nls, but no differences in permeability or resistance to 
dyes could be cslablishcil for these ocrial cells. 
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Proactinomyces paraffinae 

{a) Cultural characters. A hard, firm, yellowish growth with a visible amount 
of white aerial mycelium on most nutrient agars. On starch nitrate and glucose 
ammonium phosphate agars growth is thinner, and frequent bulbous swellings 
at the ends of the long initial filaments as described by Jensen can be seen. 
Angular branching and division into chains of cocci both occur within 2-7 days. 
On poorer media such as ammonium lactate and ammonium acetate agars, the 
original minute mycelium divides almost completely by the characteristic 
‘slipping’ method into an assemblage of short rods, and only at the margins 
of the colony are longer filaments present; giving a rhizoid appearance to the 
growth. The production of chains of acid-fast cocci in the vegetative mycelium 
is claimed as a specific character. 

(h) Incidence of acid fast elements. Nutrient glucose broth: the general 
picture is similar to that of P. salmonicolor, except that acid-fastness is more 
infrequent; in the early stages minute mycelia, branching filaments and rods' 
may all show acid-fastness; gradually cocci become predominant, but like 
the former cell elements they are variably acid-fast. 

Milk: as in the other two species, a gradual increase in positive staining 
reactions and filament length, followed by loss of acid-fastness and division 
into rods and coocoid chains. 

Chemically defined solutions -f paraffin: this species grows exceptionally well, 
as its name implies, but the enhancement of acid-fast staining is not so marked. 
All the cell elements, branching filaments, rods, and cocci, have been noted as 
variably acid-fast. 

Chemically defined solutions -f increasing amounts of glycerol: acid-fastness 
is general at the higher levels, 7-5-12'5 %, and the predominant picture is of 
short rods. 

Chemically defined solutions -f various sources of carbon and nitrogen : most 
strains are negative throughout, but the addition of O-Ol % MnS 04 to Czapek’s 
sucrose nitrate causes certain strains to show an appreciable number of acid- 
fast elements, mainly short rods. This species grows fairly well in p- and o- 
cresol, and particularly so in m-cresol; in the last very short rods sometimes 
show' acid-fast staining, 

(c) Development of aerial mycelium. P. paraffinae, in the relative ease with 
which it forms aerial mycelium on a variety of media, approximates to the true 
actinomycetes {Strepiomyces). Observation of microcultures on starvation 
media such as water agar, showed at 12 hr., simple vegetative mycelium, 

20 hr., greater branching of mycelium, one aerial hypha; 42 hr., 5-10 aerial 
hyphae, all simple and undivided; 60 hr., aerial hyphae with irregular 
sub-division of contents, no distinction in staining properties from vegetative 
filaments. From month-old, dried-up plates of MnSO^ sucrose nitrate agar 
entirely covered with a veil of aerial mycelium, certain individual filaments 
were removed by means of a micromanipulator. They were all exceedingly 
fragile, and with the gentlest handling broke up into irregular cylindrical 
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dements which, when cultured in droplets of nutrient glucose broth, elongated 
to form a new mycelium indistinguishable from that produced by cells of the 
normal substratum growth. 

DISCUSSION 

Representatives of the other species listed at the beginning were also tested 
under similar conditions, and the picture was much the same. Acid-fast 
elements could be found in most strains on the same favourable media, and 
they could be intact mycelia, mycelial fragments, isolated branching filaments, 
short rods, or cocci, according to the nature of the species, the age and quality 
of its growth on the various substrates. No consistent tj^pe of acid-fast cell 
could be found for any species in tlie whole range, and no evidence for any 
peculiar forms of ‘resting spores*. All the proactinomycetes were less resistant 
to acid ethanol dccolorization than the true mycobacteria [cf. Umbreit, 1039). 
The gradual waxing and waning of the property of acid-fastness during 
prolonged cultivation in such media as milk suggests the validity of the theory 
of Yegian & Vanderlinde (1947) that this property is dependent uj)on tlie 
permeability of the cytoplasmic membrane. Micro-organisms which may grow 
out of the nutritive medium into the air, as do all the nctinomycctcs, frequently 
show at different stages of growth a patchy staining unth ntal dyes such as 
dilute methylene blue. Finally, the obscr\*ntions of previous workers that tlie 
aerial mycelium, when present, is not spore-bearing liavc been confirmed. 

Tliis work iras done by the author as a member of the scientific staff of the 
Agricultural Rcscarcli Council. 

I Irish to thank Mr A. V. Garcia for the large collection of isohalcs from soil which 
formed the basic matcrual of tfiis study. 1 also wish to thank Miss Enid IVIlsherfor 
tcclmical assistance. 
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The Assimilation of Amino-acids by Bacteria 

8. Trace Metals in Glutamic Acid Assimilation and their 
inactivation by S-Hydroxj'quinoline 

Bv E. F. GALE 

Medical Bescareh Council Unit for Chemical Microbiology, 

Biochemical Lahoralory, University of Cambridge 

With a Note on Relative Dissociation constants of some 
Metol-oxine Complexes 

Bv P. D. MITCHELL 

Biochemical Laboratory, University of Cambridge 

SUMMARY: The assimilation of glutamicncid by washed 6U5pcnsionsof5/flp//y?o«)fVKS 
attreus is iniiibitcd by 8-hydrox)'quinolinc (oxinc). Fermentation and respiration arc 
also iniiibited but only at higher concentrations of oxine tlian those required for tlic 
complete inhibition of assimilation. Tltc inlilbltion of assimilation by oxinc can be 
annulled by wasliing the cells in water or in salts of certoin divTilcnt metals ; manganc<ic 
salts arc more effective than tliosc of Co, Fc or^fg. The Inhibition produced by liigh 
concentrations of oxine can be decreased by metals known to form chclatc complexes 
with oxine; the addition of an equivalent of Mn completely abolishes the inhibition. 

Glutamate assimilation in Staph, aureus is impaired by a deficiency during growth 
of either Mn or Mg, but is not abolished unless both roctals arc nbsenU Washed 
suspensions of Mn« and Mg*dcficient cells arc activated by the addition of citlier 
Mn or Mg; Mg is more effective than Mn In activating washed cells whereas Mn Is 
more effective than Mg in actis’uting growing cells. 

Assimilation of glutamic acid is activated by cither Mn or Mg, Mn being utilized 
preferentially during growth. In the absence of Mn, the organisms utilize Mg and the 
sensitivity of assimilation to inhibition by oxinc decreases. 

Certain amino-acids arc taken up by Gram-positive bacteria and arc conccn- 
tratetl in the free state inside the cell before taking part in the cell metabolism 
(Gale, 1947fl, 1947b; Gale & Mitchell, 1947; Taylor, 1947), Amino-acids may 
jmss across the ccU-svall into the eel! by dilTusion, ns in tlic ease of lysine, or by 
an active cell process as in tlie ease of glutamic acid. It is this latter energy- 
requiring transfer of amino-acids which is inhibited by pcntcil/in (Gale A 
Taylor, 1947) and the sensitivity of a bacterial cell to penicillin is dctcrmincil by 
the dependence of its growth on these nssimilatory processes, since cells which 
can sjmlhcsizc their essential amino-acids, and are consequently independent 
of assimilation of the prcformetl amino-acids, arc resistant to penicillin (Gale Sc 
Rodwcll, 1948, 1919), Complete unilcrstanding of the action of penicillin 
and of the assimilation of amino-acids awaits the elucidation of tlic mode of 
active transfc-T across the ccll-wnll. Studies of the action of inliibitors of tlic 
transfer might help in the elucidation. It seems probable that any inlitliitor 
whose primarj’ net ion is on assimilation would have an antibacterial ' si>eetnim * 
similar to that of jicnicillin. 
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alkalinity of the medium and it is improbable that anything more than a partial 
removal of Mg is possible by this method. The glucose solution was similarly 
treated by oxine to. remove metals; tlirec treatments usuallj’ gave colourless 
chloroform extracts. The glucose was nctdiiicd with phosphoric acid and 
sterilized separately. The medium was made up to volume with glass-distilled 
water, the pH adjusted to 7*0 and solutions of trace elements added to replace 
those removed by the oxine treatment. These were used in the following final con- 
centrations: Mg++, m/Gx10^; Fe++, m/C x 10^; M/10®; Co++ and Zn++, 

m/C X 10®. The metals other than manganese were used as sulphates (‘Analar* 
grade, British Drug Houses, Ltd.); the magnesium sulpliatc was treated with 
oxine at pH 7-0 to decrease possible traces of manganese. Mg-frec manganese 
sulphate was prepared from potassium permanganate. All glass-ware was freed 
from metals by the method of Waring & Workman (1942) and the media were 
sterilized in Pyrex flasks capped by Pyrex glass beakers. 

The media were aerated during growth by bubbling filtered air through glass 
capillar^' tubes. The inoculum was prepared from the cells of an IS hr. culture 
in medium A (Gale, 1947 n) which were centrifuged dovTi, washed twice in 
glass-distilled water and suspended in metal-deprived medium. An inoculum 
of c. 10^ cells/1, medium was used and the cultures incubated at SO® for periods 
depending on the metal-deficiency of the medium (see below). 

RESULTS 

Sensitivity o/ Staph, aureus D to oxine 

The tlireshold concentration of oxine inhibiting the growth of Staph, anreus D 
was determined by the method of serial dilution. It varied markedly with the 
nature of the medium. In medium A (casein digest, Marmite and glucose. 
Gale, 3947a) growth was inliibitcd for 48 hr. at 37® by 12-15 /ig. oxinc/ml.; in 
medium B (salts, Marmite and glucose) growth was inhibited by l-O-l-S /ig./ml. 
Since the two media difTcr mainly in their amino-acid concentration, the test 
was repeated in medium B to which vitamin-free acid-liydrolysatc of casein 
(Ashe Laboratories) was added. AVith 0-1, 1-O and 5-0 % casein hydrolysate, the 
threshold conccntr.ations of oxine were 2*0, 4*0 and 10 0 //g. oxine/ml. 
respectively. 

Action of oxine on the accwnulation of free 
p,luiamic acid xcithin the cells 

AMicn Staph, aureus is groum in a medium rich in glutamic acid, the con- 
centration of free glutamic acid in the cells rises throughout growth and 
l>ccomcs steady when cell-division cc.ascs (Gale, 19176). The concentration 
within the cell at any moment is determined by the balance between the rate 
at which the amino-acid enters the cel! and the rate at which it is metabolized 
within the cell. The rate of assimilation is approximately constant throughout 
the growth period whcrc.os the rate of protein fonnalion is greatest during the 
carlv stages of growth and ceases when growi-h ec.ascs; the altering bal.ancc 
between the two processes gives rise to the incrc.astng concentration of free 
glutamic acid within the cell as growth continues. Tlic action of i>cnicillm in 



370 


jE. F, Gdlc 

The present study was prompted by the finding of Albert, Rubbo, Goldacre 
& Balfour (1947) that 8-hydroxyquinoIine (oxine) has such a ‘spectrum’. These 
workers found that of the seven possible isomers of hydroxyquindline, only 
8-hydroxyquinoline was antibacterial and, further, was the only isomer able to 
form chelate complexes with metals. The inhibition of the growth of Gram- 
positive bacteria could be annulled by the addition to the medium of four 
equivalents of cobalt whereas that of Gram-negative bacteria was annulled by 
four equivalents of zinc, iron or, in some species, copper, but not by cobalt at 
that concentration. They suggested that inhibitors of this nature ‘function by 
disorganising the trace-metal mechanism essential for bacterial growth and that 
this effect depends upon combination between the drug and some metals in the 
bacterial surface’. 

Mellor & Maley (1947, 1948) studied the stability of co-ordination complexes 
formed by metals and various chelating agents and found that complexes with 
the divalent metals fell into the following order of decreasing stability: Pd, Cu, 
Ni, Co, Zn, Cd, Fe, Mn, Mg. The order appears to be approximately the same 
for all organic compounds forming such complexes. The authors do not quote 
values for oxine but Mitchell (see Note, p. 385) has confirmed that the metals 
Co, Fe, jMn, Mg fall into the same order of stability for the complexes with oxine, 

MATERIAL AND METHODS 

The organism was the strain Staph, aureus D used for the investigations on 
the inhibition of glutamic acid assimilation by penicillin (Gale & Taylor, 1947). 

General. The growth media, preparation of bacterial suspensions and methods 
for assay of glutamic acid within the cells were as previously described (Gale, 
1947c), In general. Staph, aureus D was grown in a medium containing little 
free glutamic acid, the cells harvested after 6 hr. at 37® or 12 hr. at 30°, washed 
once and their internal free glutamic acid content measured; the cells were 
then suspended in buffered salt solution containing glutamic acid (200 /d./ml.) 
and glucose (1-0 %) together with added test substances, and incubated at 
37° in a final suspension strength corresponding to 1-2 mg. dry weight of 
organism/ml. After incubation for a given period, assimilation was stopped by 
rapid cooling to 0°, the cells centrifuged down, washed once in water and their 
internal glutamic acid content again measured. Concentrations of glutamic acid 
are expressed in gl. equivalent to CO 2 liberated; thus 22’4 = l /tmol. 

Metal-deprived medium. This medium was m'ade up as follows: NajHPOi, 
4-0 g.; laioPO^, 1-0 g.; NaCl, 1-0 g.; (NH,) 2 S 04 , 1-0 g.; arginine monohydro- 
ehloride, 1-0 g.; 10 % Marmite solution, 10-0 ml.; glass-distilled water, 980 ml. 
Glucose, 10-0 g. in 20 ml. water. The salts, arginine and Marmite were dissolved 
in 50 ml. glass-distilled water, and the pH adjusted to 8-5-9-0, The medium 
was then freed from polyvalent ions by alternate reaction with 8-hydroxy- 
quinoline and extraction with chloroform by the method of Waring & Workman 
(1942) except that about 50 mg. oxine were used for each treatment, the pH 
adjusted to an alkaline value and the process repeated five or six times. The 
first two or three chloroform extracts were green but the fifth was usually 
colourless. The efficiency of removal of ions such as Mn and Mg depends upon the 
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alkalinity of the medium and it is improbable that anything more than a partial 
removal of Mg is possible by this method. Tlie glucose solution was similarly 
treated by oxine to remove metals; three treatments usually gave colourless 
chloroform extracts. The glucose was acidified with phosphoric acid and 
sterilized separately. The medium was made up to volume with glass-distilled 
water, the pH adjusted to 7*0 and solutions of trace elements added to replace 
those removed by the oxine treatment. These were used in the following final con- 
centrations: Mg++, m/Gx10^; Fe++, m/6 x 10*; Mn++, Co++ and Zn++, 

m/G X 10*. The metals other than manganese were used as sulphates (‘Analar* 
grade, British Drug Houses, Ltd.),* the magnesium sulphate was treated with 
oxine at pH 7*0 to decrease possible traces of manganese. Mg-frec manganese 
sulphate was prepared from potassium permanganate. All glass-ware was freed 
from metals by the method of Waring & Workman (lO-iS) and the media were 
sterilized in Pyrex flasks capped by Pjtcx glass beakers. 

The media were aerated during growth by bubbling filtered air through glass 
capillary tubes. The inoculum was prepared from the cells of an 18 hr. culture 
in medium A (Gale, 1947 a) which were centrifuged doum, washed twice in 
glass-distilled water and suspended in metal-deprived medium. An inoculum 
of c. 10’ cells/l. medium was used and the cultures incubated at 30“ for periods 
depending on the metal-dcficicncy of the medium (sec below). 

RESULTS 

SensithiUj o/ Staph, aureus D to oxine 

The threshold concentration of oxine Inhibiting the growth ot Staph, axtreus D 
was determined by the method of serial dilution. It varied markedly with the 
nature of the medium. In medium A (casein digest, Mannite and glucose, 
Gale, 1947a) growth was inhibited for 48 hr. at 37“ l>y 12-15 //g. oxinc/ml.; in 
medium B (salts, Jlarmitc and glucose) growth was inhibitcil by l-0-l‘5 //g./ml. 
Since the two media differ mainly in their amino-acid concentration, the test 
was repented in medium B to which vitamin-frcc acid-hydrolysate of casein 
(Ashe Laboratories) was added. With O-l, 1-0 and 5 0 % casein hydrolysate, the 
threshold concentrations of oxine were 2*0, 4-0 and 10-0 //g. oxinc/ml. 
respectively. 

Action of oxine on Oie aecttmulaiion of free 
glutamic acid TriV^in the cells 

When Staph, aureus is gro^m in a medium rich in glutamic acid, the con- 
centration of free glutamic acid in the cells rises throughout growth and 
becomes steady when cell-division ceases (Gale, 19175). The concentmtion 
within the cell at any moment i.s <!elcmiined by the balance between tlic rale 
at which the amino-acid enters the cell and the rale at which it is mctalKilizeil 
witliin the cell. The rate of assimilation is approximately constant througliout 
the growth period whcrcivs the rate of protein formation is greatest during the 
early stages of growth and ceases when growth ceases; the altering hal.incc 
between the two processes gives rise to the incrc.asing concentmtion of free 
glutamic acid witliin the cell as growth continues. TIic action of perneillin in 



372 


E. F. Gale 

inhibiting assimilation was first indicated by the fact that the free glutamic 
acid concentration within the cells decreased rapidly in penicillin-treated 
cultures (Gale & Taylor, 1947). Fig. 1 shows the effect on.the internal concen- 
tration of glutamic acid of adding a bacteriostatic concentration of oxine to 
Staph, aureus D growing in medium A. The increase in cell-mass and in internal 
glutamic acid concentration is normal for about an hour after addition of the 



Hours of culture at 37° Hours of culture at 37“ 


(a) W 

Fig, 1 (a) Effect of addition of oxine to medium on gro%vtli of S(ap/i. aureus D. Growth 
medium A; 50 /tg. oxinc/mt added after 4 hr. grosvth at 37“. (h) Effect of addition of 
oxine to growing culture on the internal accumulation of glutamic acid. Gronth 
medium A; 50 fig. oxine/ml. added after 4 hr. groivth at 37“ ; conditions as (a). 

oxine; after this, growth is slowed and the internal concentration falls. The 
concentration of oxine (50 pg./ml) was not sufficient to stop growth completely, 
because higher concentrations have complex actions on the general metabolism 
of the organism (see below). Four hours after the addition of oxme, growth 
starts again but the internal concentration of glutamic acid does not rise. This 
suggests that, as with penicillin, there has been interference with the passage of 
the amino-acid into the cell. 


Action of oxine on glutamic acid assimilation in washed suspensions 
of Staphylococcus aureus D 

The assimilation of glutamic acid can be measured in washed suspensions 
(Gale 1947a). Penicillin does not affect assimilation by washed cel s, it acts 
only on growing cells (Gale & Taylor, 1947). Oxine, on the other hand, inhibits 
iLmie acid assimilation in washed cells. Fig. 2 shows the injease m the 
fnternal concentration of free glutamic acid in the presence and absence 
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oxinc; concentrations of oxine which partially inhibit do so by dirninisliing the 
rate of passage of the amino*acid into the cell and not by decreasing the ability 
of the cell to accumulate glutamic acid. Fig. 3 shows the relation between the 
concentration of oxine and the inhibition of glutamate assimilation. 



P/g. 2. Effect of oxine on the course of glutftmfc ncid assimilation by washed suspensions of 
Staph, auretts D. Organism proum in medium B for 1C hr. at CO®} cells made into 
wasljcd suspension and incubated in buffered salt solution containing 1*0% glucose 
ond 200 /d. glutamic ncld/ml. ssitli oxine added ns shown. Samples removed at inten'nls 
nnd assimilation stopped by rapid cooling to 0®. 

Fig. C. InUibitlonof glutamic acid assimilation and of glucose fermentation In Staph. aureus D 
by addition of oxinc to washed su<){>cnsions. 

Action of oxinc on general melahoUsm. The inliibition of assimilation by 
penicillin appears to be a specific effect as it occurs without affecting either tlic 
respirator)', fermentative or lysine-assimilation systems (Gale & Taylor, 1917). 
Table 1 shows the effect of 0-002 m oxinc on certain mctal>olic activities of tlic 


Table 1. Metabolic activities of normal Staphylococcus aureus cells 
in the presence and absence of 0*02 m 8-hydroxtjquinoUne 


Respiration. Qo, 

Glucose oxidation, <?oj 
Glucose fermentation, 

Lysine assimilation (/ 1 I./IOO mg. dry wt. 
cells) 

Glutamic ncId assimilation (/ 1 I./IOO mg. 
dry art. cells) 


Cells In presence 
Nonnal cells alone of 0-002 m oxine 
8 0 

75 S5 

oa C3 

■U 20 

■ito so 


organism, tcstetl as described by Gale & Taylor (1017); at this concentration 
there is complete inhibition of glutamic acid assimilation nnd approximately 
40% inhibition of respiration and fermentation. Fig. 3 sho^vs the relation 
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between oxine concentration and inhibition of fermentation; assimilation is 
markedly more sensitive than the glycolytic system; 0-0001 m oxine produces 
60 % inhibition of the former while liaving no action on the latter, and the 
oxine concentration producing 50 % inhibition is 0-00008 m for assimilation 
and 0-0045 m for fermentation. 

Reversal of oxine inhibition. The growth curves in Fig. 1 indicate that cells 
recover from oxine inhibition. To test whether the inhibition of assimilation is 
reversible, washed cells were incubated in 0-002 u oxine for 30 min. at 37 °, 
centrifuged, and suspended in the usual buffer + glutamate + glucose medium. 
In control suspensions containing oxine there was complete inhibition of 
assimilation and 61 % inhibition of fermentation. With cells removed from the 
oxine solution, the inhibition of assimilation fell to 15 % and the inhibition of 
fermentation was completely abolished. Thus the inhibition can be reversed by 
removal of the oxine and resuspension of the cells in the usual salt mixture. 

Reversal of oxine inhibition by metals. Albert et al. (1947) reversed growth- 
inhibition by oxine by adding to the medium four equivalents of cobalt. Since 
cobalt forms stable chelate complexes with oxine (Albert & Gledhill, 1947) this 
reversal might be due either to inactivation of the oxine by the cobalt or to 
replacement by cobalt of an essential metal inactivated or removed by oxine. 
If the former explanation were correct, then other complex-forming metals 
should be effective. This possibility was tested as follows : it was shown above 
that when cells were incubated in 0-002 m oxine for 30 min. at 37°, the inhibi- 
tion was completely abolished by centrifuging the cells out of the oxine 
solution and resuspending them in buffered salt solution. When the preliminary 
incubation is carried out for 60 min. at 37° in 0-004 m oxine and the cells then 
washed once in water, neither assimilation nor fermentation recover completely 
but take place at rates c. 30-40 and 80 % respectively of the rates in untreated 
cells. The effect on assimilation and fermentation of washing these partially 
inhibited cells in solutions of various metallic sulphates can therefore be tested. 

In previous experiments, assimilation was tested in a buffered salt medium 
containing MgSO^ (Gale, 1947a), but since magnesium forms weak complexes 
with oxine, it has been omitted from further experiments and the tests made in 
a medium containing 0-1 % ICH 2 PO 4 , 0-33 % NaaHPOj and 0-1 % NaCI. 

Table 2 shows the effect of washing the partially inhibited cells with solutions 
containing metals known to form complexes with oxine and to be of biological 
interest. The residual inhibition of assimilation is completely annulled by 
cobalt, ferrous iron and manganese and 70 % reversal is obtained withmagnesium. 
The metals fall into the following order of decreasing efficiency: Mn, Co, Fe, Mg. 
The comparable results in column (c). Table 2, show that Mn is markedly more 
effective than Co at equal concentration (0-0004 m). This order resembles the 
order of stability of chelate complexes as determined by Mellor & Maky (1947, - 
1948 ; see above) except for the position of Mn, Cu and Zn. However, in parallel 
fermentation tests (Table 2 ) whereas Co, Mn, ferrous iron, and Mg all completely 
annulled the residual inhibition of fermentation, Cu and Zn in the concen- 
trations tested abolished all fermentation. Attempts were made to use lower 
concentrations of these two metals but the glucose fermentation was inhibited 



Metals in glutamic acid assimilation 375 

90 % by 0-00001 SI-CUSO 4 or by 0-0002 M-ZnS 04 so that concentrations o? tlie 
order necessary to antagonize the oxine completely inhibit the fermentation. 
Since, under the conditions of test, fermentation provides the energj’ for the 


Table 2. Removal of oxine inhibition by tvashing icith solutions 
of metallic ions 

Staph, ameus D w-as grown in medium B for 0 hr. at 37“ ond the cells made into washed 
suspension. The cells were incubated for 1 hr. at 37®, at a final suspension strength of 1-2 nig. 
drj- weight/nil., in phosphate buffer pH 7*0 containing 0 00-t m oxine and tlien centrifuged 
do^vn. Samples of the partially inhibited cells were then washed once, citltcr In distilled n-atcr 
or in metal solutions as below. The ability of the cells to assimilate glutamic acid was then 
tested in each case; the ability to ferment glucose was also tested by follo^ving the gas pro- 
duction in bicarbonate/COj buffer s)*stcm. If the glutamate assimilation of tlie untreated 
cells s= it, that of the oxine-treated cells washed in watcr= X', and tlwt of the oxinc-treated 
and metal-^voshcd cells=Z, the percentage reversal of oxine inhibition as expressed 
below= 100 (Z— l')/{Ar— 1'). Comparable results are given in the same vertical column. 




I’ercentagc removal of oxine 

Inhibition of 


Concentration 


inliibition 


fermentation as 


during M-asliing 




, 

percentage rate 

Metal 

(M) 

(«) 

(6) 

(0 

in control 

Copper 

0 001 

0 

— 

— 

100 


0 0002 

0 


— 

100 

Cobalt 

0-01 

57 

— 

— 

29 


0 001 

8C 

60 

— 

0 


o-oow 

— 

100 

52 

0 


00001 

10 



0 

Zinc 

0 001 

0 





JOO 

Fe++ 

0 001 

ot 

54 

40 
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oooai 

— 

42 



0 

Fe++-t- 

0 001 

40 


_ 

0 

Manganese 

OOOO-l 

— 

— 

DS 

0 

Magnesium 

0 001 

34 

— 

— 

0 


ooat 

51 

— 

67 

0 


0 01 

— 

42 

— 
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transfer of glutamic acid into the cells, there can be no recovery of assimilation 
in these cases. The inhibitorj' concentrations of Cu ond Zn were not significantly 
lowered by the presence of oxine, so it appears that the fermentation cnz\mies 
in the cell have a higher afimlty than oxine for these metals. 

With the exception of Mn, tlie cllicacy of the various metals in annulling 
oxine inhibition can be correlated with the stability of the chelate complexes; 
Jfg forms the least stable complex and is the least effective. The d.ata suggest 
that oxine combines reversibly with sonic substance in the bacterial cell and so 
inhibits glutamic acid assimilation; tlic presence of poh’\’nlcnt inctah in tlie 
environment results in withdrawal of the oxine from the complex within the 
cell, the efficiency of this action being determined by the relative stability of 
the chelate comjilexcs inside and outside the cell. 

Decrease of oxine inhibition by metals. The nature of the bacterial factor that 
reacts witli oxine might be indicated by investigating the effect on assimilation 
of liigh concentrations of oxine in the presence of >’arious metals with which it 
forms complexes. 0-004 m oxine was used and an equivalent concentration of 
various metals added. In most cases this producctl heavy prccipitiitcs of 
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Effect of manganese andmagnesium deficiencrj on assimilation andfermentation 
The results in Tig. 4 indicate that deficiency of either Mn or Mg impairs 
assimila^on. The removal of Mg from the medium with oxine is unlikely to be 
highly efficient, since Mg forms chelate complexes of low stability. However, 



Fig. 4. Rate of glutamic acid assimilation in metal-deprived cells. Organism grown in 
medium B deprived of metals by oxine treatment; the metals were then replaced with 
exceptions as below and the rate of glutamic acid assimilation measured for washed 
suspensions of cells harvested from the various cultures. Fermentation rates were 
determined on each suspension by measurement in IVarburg manometers of the CO. 
evolution in the presence of glucose and CO./bicarbonate buffer. ^ All metals 
replaced, (glucose) = 85. x — X Fe-deflcient culture, O — O Wg- 

deficient culture, QJ,o^=2G. • — • Mn-deficient culture, 72. 

the normal Mg requirements are high and by treating the medium with oxine 
at c. pH 9 it proved possible to lower the Mg concentration sufficiently to 
obtain significant effects, although these varied widely from batch to batch as 
judged by the length of the lag phase of growth and by the rate of fermentation 
of the harvested cells. In media deprived of both Mn and Mg, the lag phase 
varied from 5-20 hr. and the rate of fermentation was sometimes lowered to 
30 % of that in the Mg-rich control. In two of 28 tests, no growth took place 
in the deprived medium, though it took place in portions of the same medium 
to which either Mn or Mg had been added. The Mn-tolerance of the organism 
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appeared to vary with the ionic balance in the medium because, nithougli 
40 //g. Mn/ml. was tolerated in the full medium, concentrations of 0-5-l‘0 
/tg./ml. markedly decreased the rate of growth in Mg-deHcient media. 

Table 4. Effect o/Mn and I\rg on rate of glutamic acid assimilation in 
deficient Staphylococcus aureus 

Staph, aureus D growTi in medium 13 previously treated wth oxine to remove metals and 
Mn or Mg then replaced as below. The dencient cells were made into washed suspension and 
the internal glutamic acid concentration determined. Samples were then incubated for 20 min. 
at 37® in buffered salt solution containing 1 % glucose, 200 /d. glulamate/ml. and Mg or Mn 
as below. After 20 min. the samples were rapidly iced, centrifuged doum and the new internal 
concentration assayed. The rate of assimilation is cxprcssefl as /d. glutamic acid increase in 
internal concentration/100 mg. ceHs/20 min. Parallel determinations were made upon the 
fermentation rates of the cells. 

Rate of glutamate nssirni* 

Concentration of metals added fatten in presence of 
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0001 M 
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.Mn 
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0 00003 
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0 000001 
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.Nil 

000017 

88 
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88 

72 

2 
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0 0001 

20 
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74 

CO 


Nil 

0 0001 

21 

52 



CO 


Nil 

0 0001 

14 

9.1 

03 
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0 0001 

0 

.00 

0 

50 

Q 

0 000001 

Nil 

129 

235 

173 

70 


0 000001 

Nil 

112 

210 

210 

40 

4 

Nil 

Nil 

8 

143 

73 

30 


Nil 

Nil 

0 

150 

150 

48 

5 

Untreated medium 13 

280 

302 

210 

lOG 


Cells were groNsm in mctal-frcc medin to which various concentrations of Mn 
and Mg had been added. They were hnn'cstcd early in the growtli period and 
the rate of glutamic acid assimilation, ond in most cases tlic mtc of glucose 
fermentation, were determined; the results arc sliown in Table 4. The experi- 
ments were divided into four scries: (i) the concentration of Mg was kcjit 
constant at m/COOO while that of .'Mn was decreased; (ii) *Mg onb* was ndderl, in 
sub-optimal concentrations; (iti) Mn was nddctl but not Mg; (iv) neither Mn nor 
Mg was added. In the first scric.s, the mtc of assimilation decreased as tlic Mn 
content of the medium decreased but there was a significant activity even wlicn 
no Mn was added. Assimilation was, however, further dccrcaswl and sometimes 
abolished when the *Mg content ivas also decreased, as in the second scries. The 
addition of Mn to .m/IO* to a medium without Mg gave an assimilation rate 
appro.ximately half that attained in the nominl untrcatcil medium (series 3 
and 5, Table 4), A\hereas tlicre was little or no assimilation in cells Imn’cstcd 
from mc<Un deficient in both Mn and Mg. It seems from these results tli.at 
cither Mn, or Mg, or both, arc involved in the glutamic acid assirnilnlion. 
However, the energy necessary for the transfer of glutamic acid into the cells 
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is derived from glycolysis, and Mg is known to be involved in several of the 
stages of the glycolytic cycle. It can be seen that IMg-deficiency is aceompanied 
by a fall in the fermentation rate, and that assimilation is not completely 
stopped by Mn-deprivation alone. This suggests that Mg is involved in assimi-, 
lation ajiart from its role in fermentation. 

Reaciwation o/Mn- a7id Mg-dejicient cells by metals. Tests were carried out on 
cells grown in media deprived of both Mn and Mg to determine whether 
assimilation was reactivated by metals added to the washed suspension. Co, 



manganese (•) or magnesium (0) 
Fig. 5 



Fig. 5. Activation of washed suspensions of ceUs deficient in Mn and Mg by Mn and Mg. 
Staph, aureus D grown in medium B deficient in Mn and Mg; cells harvested and made 
into washed suspension and the rate of glutamic acid assimilation over 20 min. at 37° 
determined in the presence of either Mn or Mg as shosvn. 

#— # Mn. 0—0 Mg. 


Fig. 6. Activation of glutamic acid assimilation in Mn-deficient cells by Mn. Staph. auretis'D 
gro-(vn in Mn-deficient medium B ; cells harvested and made into washed suspension, 
incubated in buffered salt solution containing 1-0 % glucose, 200 /tl. glutamic acid/ml. 
with and without 0 001 w-MnSOi, samples taken at inter\'als as shown, cooled rapidly 
to 0° and internal glutamate concentration measured. 


Fe and Zn had no effect on assimilation but 0-001 M-MgSOi or MnS 04 markedly 
increased it (Fig. 5). Mg was more effective than Mn although both metals 
produced the same effect in optimal concentrations; Mn and Mg together in 
optimal concentrations had no greater effect than either alone. Table 4 shows 
the rates of assimilation obtained in washed deficient cells by the addition of 
m/1000 Mn or m/10* Mg. In all cases Mn or Mg increased the rate, often to that 
of normal ceUs. In some cases Mg was less effective than Mn, but since the 
tests were made with the one concentration of metal only and since the 
sensitivity of the deficient cells to these metals is not constant from one batch 
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to another, it is probable that the smaller effect of Mg was due in some cases 
to its presence in suboptimal concentrations. 

These results suggest that cither Mn or Mg is involved in assimilation but 
that Mg is more effective than J^In in activating washed suspensions. The analysis 
of the inhibition of assimilation by oxinc suggests strongly that in tlie normal 
cell Mn either is the metal concerned or can replace it. Further, since assimi- 
lation is a thousand times more sensitive tlian fermentation to oxine, and since 
oxine will not chelate to any extent with Mg at the experimental pH, the 
evidence points to Mn as the metal concerned in the normal cell. Mn certainly 
activates assimilation in deficient cells (Fig. G) but Fig. 5 indicates tliat if both 

. Tables. Effect of tcashing on rates of ass^hnilation 

Staph, atireus D was gro^m in mediutn B of controGctl Mn or Mg content. In experiments A, 
the cells were han’csted and their rate of glutamate assimilation (/«L glutamic ncid/100 mg. 
drj’ wt./20 niin.) determined on a portion of the cells before any washing; a further jwrtion 
was then washed twice in glass-distiUcd water at a final suspension strength of approximately 
0 3 mg. drj* svt. cclLs/ml. and the assimilation rale then determined. In cx|>erimcnts D, the 
cells svere grown in media deficient In both Mn and Mg; after harvesting the cells were 
incubated for 16 min. at 37* in buffered salt solution containing 0-25% glucose and either 
O'OOl >t-Mn or 0 0001 ai-Mg; they were then centrifuged down and the assimilation rote 
determined on half of the cells without washing, the other half was then w.vshcd twk'c In 
glass-distilled sroter ns above and the rote then determined. 

Bate of assimilation 
(/d. gluUnmtc/lOO mg. 

Metal content of grosTlh dr>* wt. cclIs/20 min. 

medium t • * — ' » 


Experiment 

Mn 

Mg 

Pretreatment 
with mclal 

IJcforv 

cashing 

After 

washing 

A 

0 OOOOOl M 

Nil 

None 

130 

147 


Nil 

0 00017 M 

None 

120 

101 

It 

Nil 

Nil 

0 001 .M*Mn 

200 

200 


Nil 

Nil 

0 0001 M*Mg 

200 

US 


Mg and Mn were present. Mg would be the more effective. Moreover Mn- and 
Mg-dcficicnt cells that cannot assimilate arc activated as well I)y Mg as hy Mn 
(Table 4). It is possible that Mg diffuses in and out of the cell more readily than 
Mu and is more c.%sily washcil out of tlic cell. This was tested, firstly, by deter- 
mining the effect of exhaustive washing on the assimilation rates of cells grown 
in Mn-witliout'^Ig and in Mg-svithout-Mn. Secondly, cells were grown in media 
deficient in both Mu and Mg, incubated with optimal concentrations of cither 
Mn or Mg, washed exhaustively in water, and their assimilation rates measured 
(Tabic 5). Wasliing bad no effect on the cells grown in, or activatwl hy, Mn and 
verj' little effect on those grown in, or actix-atwl by. Mg. 

It is possible that the pcrmc.'ibility of washed cells to metals may differ from 
that of growing cells, in which c.asc tlic greater sensitivity to Mg shown in 
Fig. 5 might be due to the easier entrance of the Mg ion into the washc<l cell 
as compared with the larger Mn ion. Tlic data in Table 4 suggest that Mn in 
the growth metlium is effective at much lower concentrations than those ncc<Ic<l 
to activate wasUwl suspensions. To lest this, organisms gmwn in a mwimm 
deficient in Ixitli Mn and Mg were incubated for 1 hr. at 07® in a modifir<l 
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growth medium containing either Mn or Mg. The medium was composed of 
buffered salt solution with aneurin, nicotinamide, 0-1 % vitaniin-free casein- 
hydrolysate lacking.glutamic acid, and 0-5 % glucose, the whole being deprived 
of heavy metals by oxine treatment. To keep the internal concentration of 
glutamic acid low at this stage, the casein hydrolysate used was treated with 
glutamic decarboxylase until it was free from glutamic acid. 

After the 1 hr. period of incubation, during which some growth, if not cell- 
■ division, might be expected to occur, the cells were centrifuged doAvn and 
resuspended for the usual assimilation test. Under these conditions, the 
deficient cells again were activated by either Mn or Mg, but Mn was now much 
more effective than Mg (Fig. 7). The activation-concentration curve for Mg is 
approximately the same in washed or growing cells whereas Mn is ,c. 2500 times 
more effective in growing cells. It follows that if the cells grow in the presence 
of both Mn and Mg, the assimilation mechanism will be preferentially activated 
by Mn. ' 

Oadne sensitivity of cells grown in the presence o/Mn or Mg 

The results so far obtained indicate that the assimilation of glutamic acid 
involves either Mn or Mg and that, although Mn is utilized preferentially 
during growth, its place can be taken by Mg. At pH 7 the stability of the Mg- 
oxine complex is much less than that of the Mn-oxine complex, so that it 
might be expected that the assimilation by cells grown in media containing 
Mg but deprived of Mn would be less sensitive to oxine than that of cells grown 
in media containing Mn but deficient in Mg. Fig. 8 shows the effect of oxine 
concentration on the rate of assimilation by cells grown {a) in normal untreated 
medium, (6) in medium deprived of Mg but supplied with Mn, and (c) in medium 
deprived of Mn but supplied with Mg. The sensitivity of the cells of culture (c) 
is significantly less than that of cells from either (a) or {h) which have substanti- 
ally the same sensitivity. As Mg replaces Mn in the culture, the sensitivity to 
oxine of assimilation approaches that of fermentation, in which the principle 
metal is Mg. 

DISCUSSION 

The studies of Albert et al. (1947) on the antibacterial action of 8-hydroxy- 
quinoline and related compounds strongly support the suggestion (Albert, 
1944) that these substances act by combining Avith trace metals which are 
essential in bacterial metabolism and thereby prevent these metals performing 
their metabolic functions. The inhibition of glutamic acid assimilation in Staph, 
aureus by oxine and the partial or complete removal of this inhibition by 
certain metallic ions are consistent with the hypothesis that some metal which 
can combine Avith oxine forms an essential part of the assimilation mechanism 
and that this metal is inactivated by chelation Avith oxine. Tavo methods of 
inactivation seem possible : either the oxine combines Avith and inactivates the 
metal in situ, or the oxine combines Avith the metal and removes it from the 
organism. Since the metal-oxine complexes are more soluble in lipids than m 
water, it seems improbable that the complex Avould pass easily out of the 
organism into the medium. Further, the complete restoration of assimilation 



Metals in glutamic acid assimilation 383 

by washing the oxinc from the cells suggests that the oxinc combines with the 
metal within Uie organism but, when washed away, leaves the metal beliind. 
From an analysis of the elTects of metals in anulling oxinc inhibition of assimi- 
lation, it has been shown above that the metal concerned in the normal cell is 
probably manganese. 



Loj moiir concentration 

0) or (CS l.o| rool.r tonc.nlr.l'loo ot o.int 

Fig- T Fig. 8 


Fig- “ ' ictiliation 

** ■* ' • medium 

■ 7’ In the 

following medium witfi nddition of either Mn or Mg ns nl)OVc: bufTcred salt solution; 
0*1 % csascin hydrolysate treated to remove vilomins, nictnls nnd glutamic arid; 0-5% 
glucose; nncicrin 1 /jg./ntl.j nicotinamide I /ig./ml. After inctjbatlon the cells were 
centrifuged down and resuspended In buffered salt sohition contninhig 2*0% gluerwc 
nnd 200 /d. glutamic acid/ml. for 20 min. nt37^ .At the end of thiH prriotl, the cells 
were hnn'csted, i\ashcd nnd the increa'«c in inlcmol glulamie nrid coticcntrjition 
dctcmiincd. 

Fig. 8. Inhibition of glutnmic acid nssimilntion by oxinc; dependence on nature of metals 
present during growth. SpjpA. ««rci« I) grown in: (o) medium R; (6) medium R 
deprived of Mg but containing si/im-Mn; (c) mctiltini R tiepriwd o^.^In ljut with it/coOO' 
.Mgntldcd. iAs-similalion inhibitions dctcmiincd with wndiwl suspensions in raeh cns<.*. 
Curs'c (d) bliows oxinc inhibition of glucose fermentation for celts of culture (r). 

The results obtained with mctal-dcficicnt cultures indicate tliat citlicr Mn or 
Mg is involved in assimilation. Mg is known to be necessary for tlic glucose 
fermentation system which provides cnergj’ for tlie transfer of glutnmic acid 
across the cell-wall, but the results indicate tliat it can also play n part in the 
assimilation mechanism itself. Mg is known to activate many enzyme systems 
and is usually replaceable by Mn, aUhoiigh Pollock A: Waim%Tight (10 IS) have 
recently obtainctl a growth clTcct on a Gram-negative organism which nppc.ars 
to be Mg-specifie, When tests indicate tliat a swlcm may he activntc<i by 
either Mn or Mg, it is difTicult to decide which metal is the natural activator 
iM vivo. If the metals net in an ionic form then they arc presumably freely 
interchangeable wlicthcr in vhv or in vitro, but if eo-onlinalion complexes arc 
involvctl within the organism, tlien the iialurc of the metal iiscxl ‘naltirrdly’ 
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will depend upon the availability of the metal and the relative stabilities of the 
complexes formed. Mellor & Maley (1948) found that the order of stability of 
metal co-ordination complexes is approximately the same whatever the nature 
of the organic part of the complex; consequently if the formation of such 
complexes is involved, Mn will compete successfully with Mg and will be taken 
up preferentially. Both Mn and Mg can activate assimilation in washed cells, 
although Mg is more effective at low concentrations. This does not correlate 
with the argument developed above that the metal chelated with oxine in 
‘ normal ’ cells is Mn, nor is it consistent with the marked difference in the oxine 
sensitivity of assimilation and fermentation in ‘normal’ cells. However, if 
activation of assimilation is carried out in a medium in which growth can occur, 
then Mn is 2500 times more effective than in a simple salt solution so that, in 
the growth medium, Mn is 30-50 times more effective than Mg. It seems 
probable that harvested and washed cells are less permeable to Mn than are 
cells growing and dividing. 

It seems probable that the assimilation mechanism involves a metal whose 
function can be filled by either Mn or Mg and that, when the cell grows in 
a medium containing both Mn and Mg, Mn is preferentially co-ordinated. Mn 
forms a chelate complex with oxine which acts as a reversible inhibitor of 
assimilation. ^Vhen growth takes place in a medium deficient only in Mn, then 
the mechanism becomes activated by Mg, but this results in a decrease in its 
sensitivity to oxine (see Fig. 8). 

The present work was prompted by the finding of Albert et al. (1947) that 
oxine has an antibacterial ‘spectrum’ similar to that of penicillin and it has 
now been shoivn that both penicillin and oxine inhibit the transfer of glutamic 
acid into Staph, aureus. The mechanism of inhibition is almost certainly not 
the same for the two substances. This follows since (i) penicillin has no action on 
assimilation in washed cells where oxine causes complete inhibition, (ii) the 
inhibition of assimilation by growth in the presence of penicillin is irreversible, 
whereas the oxine inhibition is easily removed, (iii) oxine also has complex 
inhibitory actions on respiration and fermentation whereas penicillin has not at 
concentrations at least a thousand times greater than that required to inhibit 
assimilation, (iv) strains of Staph, aureus rendered resistant to penicillin are 
as sensitive to oxine as penicillin-sensitive strains, due perhaps to the non- 
specific nature of oxine as an inhibitor. 



Metals in glutamic acid assimilation 


385 


A Note on the Relative Dissociation Constants of some 
Metal-oxinc Complexes 

Bv P. D, MITCHELL 

Biochemical LnboratOTift University of Cambridge 

The relative dissociation constants of the Mg*, Mn-, and Co-oxine complexes 
cannot easily be determined in aqueous solution because of their very low 
solubilities. When 10 ml. of 3t/1000 oxine in am}'! alcoliol are equilibrated 
against 10 ml. of aqueous m/ 10,000 metal chloride, the concentration of metal 
complex in the amyl alcohol, and thus its degree of dissociation, may be 
determined colorimetrically. Because hydrogen ions compete with the metal 
ions for the oxine, the dissociation of the complex is a function of the pH value 
of the aqueous phase. Under these conditions, tlje pH value at which the 
complexes are half dissociated was found to be pH 5 for cob.alt com])lcx and 
pH 7 for the manganese complex. Taking into account the divalency of the 
metal, the apparent dissociation constants must, therefore, differ by a factor of 
about 10^, the manganese being more dissociated than the cobalt complc.x. 

The relative value for the magnesium complex could not be determined in 
this way, because it forms nearly colourless solutions and this only at very 
alkaline pH values. Because of the pale colour of the solutions of tijc complex, 
however, it was possible to use direct competition against manganese. It was 
found that at pH 10, the manganese complex formed by equilibrating 10 ml. of 
m/10,000 aqueous manganous chloride against 10 ml. of si/lOOO oxine in amyl 
alcohol was half dissociated by a concentration of m/100 magnesium chloride in 
the aqueous phase. Thus, the apparent dissociation constants differ by a factor of 
about 100, the mag^iesium complex being more dissociated than the manganese 
complex. The values obtained for the relative apparent dissociation constants 
in this way do not, of course, represent simple dissociation constants because 
they involve also the amyl alcohol-wolcr partition cocnicicnt for the oxine 
and metal complexes. But this sliould not be any disadvantage from the j>oint 
of view of the biological material considered in this paper. 
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The Relationship of Certain Branched Bacterial Genera 

By K. a. BISSET and F. W. JtOORE 
Department of Baeieriology, VniversUy of Birmingham 

SUMilARY : TIic aerobic sporing Strejitomyees may be distinguished from the 
parasitic anaerobic Actinomyces by tlje type of branching winch they possess. It is 
proposed that they should be assigned to separate orders, Strcptomycctalcs and 
Actinomycetales. TJie latter order is subdivided according to the tjTW and arrange- 
ment of the component cells, and consists of two Families. The first, Actinomyccta- 
ceae, includes anaerobic actinomyces, and also ‘soil diphtheroids’ for which a new 
genus, Jensenia is proposed. 'The second, Mycobacteriaccae, includes Myeobaelcrium, 
Coryncbacierium and Nocardia. 

The true relationship of those bacteria! genera which have, at various times, 
been grouped with the AciinomyceSt is not easy to establish. In most early 
classifications tlie character of branching, however occasional, has been given 
great weight, although the techniques employed for tlie definition of this 
character have not always been adequate to the task; many genera, having 
little else in common, have been classed together for this reason. More recent 
amendments of the original schemes Imve been based largely upon the original, 
inadequate evidence (Waksinan & Hcnrici, 1043). A return to the primary 
basis of classification, morphology, and a rc-c.\amination of the evidence in tliis 
respect, might remove some of the anomalies of the present position. 

The name Actinomyces was originally given to tlic filamentous organism 
which was responsible for actinomycosis in animals; later tlic ftmgusdikc 
organisms, now often called Strcplomyccs, were includctl in the genus. The 
present classification of Bcrgcy (1048) restores tlic distinction between the two 
groups but retains them in a single onlcr. 

Lehmann Sc Neumann (1390) proposed the genera Corynebactrrium and 
Mycohactcriwn, primarily for the pathogenic bacteria causing diphtheria, 
tuberculosis and leprosy. I>ntcr the genus Corynebactrrium was cxlcndctl to 
include almost any Gram-positive, non-motilc, non-sporing bacterium showing 
any morphological irregularity; and the genus Myeobacierium to include any 
acid-fast organism. 

As indicfitcd by Conn S: Dimmick (1947), each genus had species asstgncfl to 
it wliich differed more from other species in the same genus than did the type 
species from one another. The classification of Bcrgcy (1913), which limits the 
genus Mycobacterium to *1/, phici, M. lacticola and the usual pathogens, appears 
to be sound, but the separation of Corynrbacteiium from Mycoharferium, .and 
the introduction of the family Cor>’ncb:iclcriaccac into tlic Eulinctcnalcs is 
unjustifiable, in view of the close morphological resemblance between llic t>*pc 
species of tlic two genera (Bi.ssct, 1949). The present genus }Socardia is hetero- 
geneous; Umbrcil (1939) divides the genus (.allcniativcly called Proactinomyerf) 
into a and /? fonns, tlic fomicr resembling cor>*ncl>acttria and the latter forming 
n stable mycelium, but without spores. Umbreit suggested tlmt the acid-fast 
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and non-acid-fast a-Proactinoimjces might be related to Mycobacterium and 
Corynebacterium respectively, and also related, via the ft-Proactinornyces, to 
St} eptoniyces. Jensen (1934) suggested a similar relationship, regarding the 
various intermediate forms as evidence that these genera form a natural group. 

Biochemically the streptomyees, actinomyces, mycobacteria and coryne- 
baeteria are well defined, whereas the nocardia, as at present defined, are 
heterogeneous, but can be divided into two rather ill-defined sub-groups, one 
of which resembles the myeobacteria in being non-proteolytic, and failing to 
produce acid from sugars. The second group resembles the streptomyees, being 
proteolytic and able to hydrolyse starch. It is probable that these two sub- 
groups are not closely related. 

RIATERIALS AND TECHNIQUE 

Morphological examinations were made by Gram’s method and by Robinow’s 
(1945) tannic acid violet stain for cell-walls. Preparations made by the latter 
method are of such value in the elucidation of the morphology of bacteria, and 
the technique is so simple to perform, that any morphological study which fails 
to make use of it, and thus fails to determine whether the organism described 
is composed of one cell or many, must be regarded as incomplete. 

The following strains of bacteria were examined : 

Pathogenic actinomyces. Eight newly isolated strains, two from human, and 
six from bovine infections, all were anaerobic on isolation. 

Other parasitic organisms. Two non-sporing, actinomyces-like organisms from 
the human mouth, aerobic and apparently non-pathogenic. Four sporing 
actinomyces (Streptomyees) from the healthy mouths of laboratory animals. 

Soil 'diphtheroids' and nocardia. Thirty strains of these organisms were 
• isolated from soil, and six strains of Gray & Thornton’s (1928) Proactinomyces ^ 
were obtained from the National Collection of Type Cultures. 

Streptomyees, Thirty-one strains were isolated from soil and water, in 
addition to the four from animal sources mentioned above. 


OBSERVATIONS 

The pathogenic actinomyces were grown anaerobically upon nutrient agar 
containing 1 % glucose. The colonies were adherent to the medium and con- 
sisted of radiating filaments (PI. 1, fig. 1), in which little or no branching was 
observed. This contrasted strongly with the appearance of the aerobic, sponng 
organisms {Streptomyees) which branched very obviously (PI. 1, fig. 2), and 
in which the branched condition of the component cells, as described by 

Klieneberger-Nobel (1947), was readily seen. 

In smears stained by tannic acid violet the pathogenic forms showed 
occasional, short branches, which soon became separated from the mam stem. 
This type of branching is more accurately described as budding (PI. 1, figs. 3, 
4). The strains from human and bovine sources, including the two a^obic 
strains from the normal human mouth, were alike in this respect, but differed 
in that the filaments of the human strains were invariably much longer than 
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in the bovine strains. The component cells were also of great length in the 
human strains (PJ, ], figs. 5, C). The constancy of tliis difTercncc throughout 
several weeks of culture suggests that this species may be subdivided into 
human and bovine types analogous to those of J/. Uiherculosis. On sub-culture 
the anaerobic character progressively diminished, and disappeared after a few 
weeks. The colonies also tended to become less adherent. 

A more complete examination of the morphology of the sporing strains was 
not attempted, as these organisms have already been competently described 
(lOieneberger-Nobcl, 194'7). 

The soil bacteria and proactinomyces were of two major morphological 
groups. Those corresponding to the general description of ‘soil diphtheroids’, 
branched only occasionally and the branch was separated from the parent cell 
(PI. 1, fig. 7). In some strains the cell-wall M*as higldy irregular, and produced 
a fallacious appearance of branching in a Gr.am-staincd film (PI. 1, fig. 8). 
These bacteria were unicellular, and quite distinct from the true corjiiebactcria, 
which are multicellular (Bisset, 1949). In the early stages of growth all the 
strains of this group produced an unstable mycelium which later fragmented 
into bacillary forms. Surface colonics on Lemeo agar were pinkisli, glistening 
and easily emulsified. 

The second type consisted of more filamentous organisms, and formed surface 
colonics on Lemeo agar wliich were white, wa.vy and difficult to emulsify. Tlic 
filaments were frequently branched and were composc<l of numerous very 
short cells. They bore a general resemblance to the branching mycobacteria 
described by Briegcr & Fell (194S). As with all other forms observed, c.xcept 
strcptomyces, the mature branch was separated from the parent filament, and 
the component cell was not branched (PI. 1, fig. 9). By Gram’s method, the 
shrunken cell contents formed Gram-positive granules in the Gram-negative 
filament (PI. 1, fig. 10), 


DISCUSSION 

We have attempted to discover a series of morphological criteria by which the 
various types of branched bacteria might be classified. There is no real justifi- 
cation for the present habit of confining morphological examination to Gram- 
stained, heat-fixed preparations, especially as the tannic acid violet tccliniquc, 
vhich reveals Uie cell boundaries, is simpler than Gram's mclhotl to perform. 

IVe consider that t?ic sporing aerobic Streptotnyces arc entirely ilislinct from 
the other organisms described, and propose a separate Order, Strcptomycclnlcs, 
for them, retaining tlic Orticr Actinomycctalcs to include the rcm.aindcr of tlic 
groups under discussion. The character of acid-fastness is widely distributed in 
both orders, and, unless pronounced, is not of great importance. Bacteria of 
the ‘soil diphtheroid’ type have not, in the past, been well dcscribetl, and 
individual species liave Ixrcn assigned to various genera, especially Corync’ 
haclcrixtm., Mycobaderium and Socanlia. A new genus, Jensenia, is proposed to 
include the aerobic, unicellular b.actcrm of this type. 

The two ortlcrs arc defined ns follows. 
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and non-acid-fast a-Proacimoimjces might be related to Mycohacteriun and 
Corynebacicrimn respectively, and also related, via the ft-Proactinomyces, to 
Sireptomyces. Jensen (1934) suggested a similar relationship, regarding the 
various intermediate forms as evidence that these genera form a natural group. 

Biochemically the streptomyces, actinomyces, mycobacteria and coryne- 
bacteria are well defined, whereas the nocardia, as at present defined, are 
heterogeneous, but can be divided into two rather ill-defined sub-groups, one 
of which resembles the mycobacteria in being non-proteolytie, and failing to 
produce acid from sugars. Tlie second group resembles the streptomyces, being 
proteolytic and able to hydrolyse stareh. It is probable that these two sub- 
groups are not closely related. 

MATERIALS AND TECHNIQUE 

Morphological examinations were made by Gram’s method and by Robinow’s 
(1945) tannic acid violet stain for cell-walls. Preparations made by the latter 
method are of such value in the elucidation of the morphology of bacteria, and 
the technique is so simple to perform, that any morphological study which fails 
to make use of it, and thus fails to determine whether the organism described 
is composed of one cell or many, must be regarded as incomplete. 

The following strains of bacteria were examined ; 

Pathogenic actinomyces. Eight newly isolated strains, two from human, and 
six from bovine infections, all were anaerobic on isolation, 

Other parasitic organisms. Two non-sporing, actinomyces-like organisms from 
the human mouth, aerobic and apparently non-pathogenic. Four S 2 ?oring 
actinomyces {Streptomyces) from the healthy mouths of laboratory animals. 

Soil ^diphtheroids' and nocardia. Thirty strains of these organisms were 
isolated from soil, and six strains of Gray & Thornton’s (1928) Proactinomyces ^ 
were obtained from the National Collection of Type Cultures. 

Streptomyces. Thirty-one strains were isolated from soil and water, in 
addition to the four from animal sources mentioned above. 

OBSERVATIONS 

The pathogenic actinomyces were grown anaerobically upon nutrient agar 
containing 1 % glucose. The colonies were adherent to the medium and con- 
sisted of radiating filaments (PI. 1, fig. 1), in which little or no branching was 
observed. This contrasted strongly with the appearance of the aerobic, sporing 
organisms {Streptomyces) which branched very obviously (PI. 1, fig. 2), and 
in which the branched condition of the component cells, as described by 

Klieneberger-Nobel (1947), was readily seen. 

In smears stained by tannic acid violet the pathogenic forms showed 
occasional, short branches, which soon became separated from the mam stem. 
This type of branching is more accurately described as budding (PI. 1, figs. 3, 

4) The strains from human and bovine sources, including the two aerobic 
strains from the normal human mouth, were alike in this respect, but differed 
in that the filaments of the human strains were invariably much longer than 
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Order STREPTOMYCETALES 

Filamentous, branching bacteria, (Their position in the Schizomycetes is 
assumed but is questionable.) Mature branch continuous with parent stem. 
Cell branched. Spores formed (Fig. 1). 

There is one family, Streptomycetaceae, consisting of two genera, Sirepto- 
viyces and Micromonospora, defined as in Bergey (1948). 




(b) Jenscnia. 



(a) , (b) 

Fig. 3. (a) Nocardia, (b) Myco- 
bacterium and Corynebacteritmi. 


Order ACTINOMYCETALES 

Filaments or rods, sometimes branched. The mature branch is divided from 
the parent filament by a partition. Cell unbranched. Spores not formed. 

Two families are described, which are distinguished b}'’ the length of the cells 
comprising the bacillus or filament. 

Family I. Actinomycetaceae 

Cells several times as long as broad. Individual bacillus unicellular. 

Genus A. Actinomyces 

Filamentous, often anaerobic or mieroaerophilic. Animal parasites and 
pathogens (Fig. 2 a). 

Genus B, Jensenia 

‘Soil diphtheroids’. Aerobic, short, often irregular in shape, occasionally 
branched (Fig. 2 b). 

Family II. Mycobactekiaceae 

Breadth of cells approximately the same as length. Individual bacillus is 
multicellular. 

Genus C. Mycobacterium 
Strongly acid-fast. Occasionally branched (Fig. 36). 

Genus D. Nocardia 

Slightly or non-acid-fast. Filamentous, often branched (Fig. 3 a). 

Genus E. Corynebacterium 

Non-acid-fast. Short, unbranched. Animal parasites and pathogens 

(Fig. 36). 
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In this classification no cfTort has been made to accommodate the various 
genera (e.g. Erysipelothrix) of which adequate morphological descriptions are 
not available, and which we have not examined. We consider that the criteria 
of typos of branching and types of cell arc sulTiciently clear-cut to make 
allocation to families relatively easy, once these genera arc properly dcscribcil. 

The greatest defect of the proposed system is that the characters defining the 
various groups are relative, that is to say, they may sometimes lie witliin the 
limits of variability of a single species at various ages and conditions of culture. 
Very small corj’ncbactcria may often consist of a single cell; aged cultures of 
actinomyces are sometime composed of multicellular, bacillary forms; in the 
initial stages, all branches may be alike, and so forth. Nevertheless, wc consider 
that the scheme approximates more closely' to the true rclationshij) of the 
bacteria, and is more readily applicable to the description of new genera and 
species, and the rearrangement of those already recorded, than those now in 
general use. 
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I'.XIXANATION OF PI^VTE 

Fig. 1. Actinomyces botns, edge of eolony on agar, un^itaincd. x 350. 

Fig. 2. Streptomycci sp., edge of colony on agar, umtahicd. x350. 

Fig«. 3, 4. A. bovit, budding and sepamtion of brwnclies. Tannic ncid violet. xHiKK). 

Fig. 5. .1. Un’is, Ixjvinr tSTK*, typical stiorl fikiments. Tannic acid violet. xWXW. 

Fig. 0. .-I. 6oti>, human tj'pc, lypkM! long filaments. 'Tannic acid violet. X3000. 

Fig. 7. Jnt^cnia sp. bacilLaiy fomis and «nall branch. Tannic acid violet. x30OU. 

Fig. 8. Jen wu'a sp. shoeing irrcpJlnr outline. Tannic acid violet, x 3000. 

Fig. 9. A'ofonim 5p. multicellular, branchc<l fllament. Tunnic ncid \iolct. x3<8*f’. 

Fig. 10. Socardia sp. granular ni>|*camnce liy Cram's stain. Crannies are shrunken cell 
contents. xSOOO. 
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the formation of a solid cone the base of which clings to the bottom of the 
test-tube, whilst the mass of bacteria swirl round and round the tube when the 
'latter is shaken with a rotatory movement. With a healthy cultiu-c of cells, this 
same movement would disperse the cells evenly throughout the tube. Several 
possibilities which might explain the phenomenon were investigated us follows. 



Fijj. 1. Dosc-rcsponsc cunxs of l^icono^toc meseiitnoides P-CO, producctl by addilJon^ of 

DL-rocthlonlnc ntul Dr/-c>'stine, resj»cctivcly, to the Ramc (oxjdl7x^d•J>oplone) medium. 

Cysteic acid. The presence of this siibslnncc might nccoimt for toxicity on 
oxidi2C(l*pcptone metlium btit would not explain the effect in tlic chemically 
defined metlium. Further, cy&tcic acid is present during assays of methionine and 
tvrosinc using oxidized-peptone medium without harmful cffccU to the bacteria. 

D-Cystinc. Tlic toxicity might result from tlic o-isomcr of the amino*acid, 
since DL-cystinc was used m preparing the standard solution. Comparable 
assays carried out under exactly the same conditions and at the same time 
showed little dirfcrcnce in the form of stnndanl curs'c or in the assay range, 
whether the natural isomer (l) or the rnccmic mixture (ni.) as in the synthetic 
product was used. Since only tlic L-isomcr is active, standanl solutions of 
DL^cvslinc were iLScd in twice the concentration of those of i.-cs'slinc for 
comparable assays. In both cases the full toxic effect was ol>srn*ctl. 

CKXllJ 
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The Toxicity of Small Concentrations of Cystine to Acid- 

producing Bacteria 

By J. G. HEATHCOTE 

Research Association of British Flour-Millers, Cereals 

Research Station, Si Albans 

SUmiARY : None of the various metliods proposed for the microbiological assay of 
cystine is entirely satisfactoiy, Leuconosloc mesenteroides P-60 appeared to be the 
most suitable micro-organism, but assays were nevertheless variable and, occasionally, 
completely unreliable. A toxic effect characterized all assays to some extent, but no 
satisfactory explanation of its occurrence can be advanced. 

As yet no entirely satisfactory microbiological method for the assay of cystine 
has been reported. Assays are described, using Lactobacillus arabinosus, by 
Shankman, Dunn & Rubin (1943) and by Barton-Wright (1946), but the 
absolute requirement of cystine by L. arabinosus has not been confirmed by 
Riesen, Spengler, Robblee, Hankes & Elvehjem (1947) or by work in this 
laboratory (unpublished data). With oxidized-peptone medium, Lyman, 
Moseley, Wood & Hale (1947) found that, though smooth and regular standard 
curves could be obtained for methionine, tyrosine and tryptophan on media 
in which most of the amino-acids required were supplied by oxidized- 
peptone, standard cvirves for cystine using the same organism (L. casei e, 
L. helvetieus) proved to be irregular and inconsistent. Similar conclusions about 
the non-reproducibility of standard curves for cystine with this organism were 
reached by Shankman et al. (1943). Dunn, Shankman, Camien, Frankl & 
Rockland (1944) stated that cystine could be determined by Leuconostoc 
mesenteroides P-60, and Riesen et al. (1947) concluded that this organism is the 
most suitable for the determination of this amino-acid. 

Assays of cystine carried out in this laboratory with Leuconostoc mesen- 
teroides P-60 on oxidized-peptone medium or a known mixture of amino-acids 
yielded standard curves which varied in range of titre from assay to assay. 
No such effects were observed when methionine or tyrosine were assayed using 
the same organism and similar media, and the assay range, as shown by higher 
titres, was greater in either case than in assays of cystine under the same 
conditions. With regard to media for cystine assays, oxidized-peptone is to be 
preferred since blanks are usually lower than those obtained on chemically 
defined media (amino-acid mixtures). Riesen et al. (1947), also, have demon- 
strated the superiority of oxidized-peptone medium for the assay of cystine, 
using several organisms for which cystine is said to be essential. 

There is a further complication due to an apparent toxic effect, characterized 
by a slight break in the assay curve but also shown by a clumping of the bacteria. 
Fig. 1 shows a standard curve for cystine with rather better than average 
titres, compared with a normal standard curve for methionine. The same 
oxidized-peptone medium was used in each case, with the appropriate omissions 
of methionine and cystine respectively. The clumping of the bacteria results in 
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the formation of a solid cone the base of which clings to the bottom of the 
test-tube, whilst the mass of bacteria swirl round and round the tube when the 
latter is shaken with a rotator}- movement. With a healthy culture of eells, this 
same movement would disperse the cells evenly throughout the tube. Scvcnal 
possibilities which might explain the phenomenon were investigated as follows. 



Fig. I. IJosc*resi>on«c cur\'C3 o( Z^ncouoitoc tnrsentewides V-CO, prcKluced by odditioni of 

DL-melhionIne ontl m.Kij'sUnc, respectively, to tlic wme (oxidiicd-peptone) medium. 

Cystcic acid. The presence of this substance miplit account for toxicity on 
oxidized-peptone medium but would not explain the cfTect in the chemic.'illy 
defined medium. Further, cystcic ncid is present during assays of methionine and 
t\'rosinc using oxidized-peptone medium Avithout Imrmful cfTccls to the b.'ictcrin. 

D'Cystine. The toxicity might result from the D-isomer of the nrnino-acid, 
since DL-cystinc was used in prcp.oring the standard solution. Cornparj\blc 
assays cxirricd out under cxaelly the same conditions and at the same time 
sliowcxi little difTcrcncc in the form of standard curve or in tlic assay range, 
whether the natural isomer (l) or the racemic mixture (di.) as in the .symthefic 
product was used. Since only the L-isoiiier is active, standanl solutions of 
DL-cystinc were used in twice the concentration of those of i.-cj’slinc for 
comparable assays. In both cases t?ic full toxic cflcct was oliscrvcd, 
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Deficiency due to lack ofSli-groups. Though similar cases of bacterial clumping 
with Leuconostoc mesenteroides on nutritionally complete media have been 
observed in this laboratory (unpublished data), it was considered desirable to 
test whether a deficiency of SH-groups might be operative. The argument can 
legitimately be raised since, in the assay of methionine, a concentration of 
100 yg. of L-cystine/10 ml. of medium is present, whereas the highest concen- 
tration of the standard cystine corresponds to a concentration of only half this 
amount. The addition of thiolacetic acid in amount equivalent to that of 
L-cystine (0-1 g./l.) contained in the medium for methionine assay, however, 
produced only a very slight lowering of the titres. No diminution in toxicity 
was observed. 

Finally the possibility cannot be entirely excluded that bacterial clumping 
itself might be the cause rather than the result of the apparent toxicity. 

Bacterial clumping was also observed in assay tubes of media containing 
protein-hydrolysates as well as in the standard tubes. It takes place after 
incubation at 37° for 16 hr. It would appear, prima facie, that l- and dl- 
cystine are toxic to Leuconostoc mesenteroides P-60 (and possibly to other lactic 
acid-producing bacilli) when added in small amounts (e.g. 0-50 /«g. /10ml. for 
L-cystine) to media otherwise nutritionally adequate for the organism. This 
toxicity is independent of the need of cystine for growth and probably accounts 
for the variability in assay range in the microbiological assay of cystine. 
Caution in accepting figures resulting from one or two assays only would appear 
to be necessary. 
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The Synthesis of Polysaccharides by Bacteria Isolated 
from Soil 

By W. G. C. FORSYTH and D. 51. UTiBLEY 
Macaulay ImlUutc Jar Soil Uescarchf Craigiebuckler, Aberdeen 

SUHDIARY : Bacteria capable of syntlicsizing polysaccharides are present in XTirious 
agricultural, moorland and forest soils, and may form from 5-10% of the %noble 
bacterial population, as estimated bj' the plate-dilution counting teclmique. Chemical 
examination of the polysaccharides sjmthesized distinguished four tj'pcs; Icvans, 
glucosc-uronic acids, glucose-mannosc-uronic acids and glucosc-mannose-rhamnosc* 
uronic acids. Bacteria S 3 mthesi 2 ing these polysaccharides arc u'cll distributed in 
the soils studied, those forming the first two t 3 rpcs being by far the most common. 
There is no clear relationship between morphology of the organisms and tjpe of 
polysaccharide sj'nthcsizcd. 

It has been suggested (Norman, 1942) that the uronide carbon of soil organic 
matter may lie in part derived from microbial polysaccharides. Indirect 
evidence in support of this hypothesis has been brought fonvard by Fuller 
(1947), and Forsyth (1947) isolated from soils a definite polysaccharide fraction 
which contained uronic acid units. Although an important role in determining 
the p}iy.sical structure of soils lias been suggested for bacterial polysaccharides 
(Martin, 1940), little has been done in isolating the bacteria in soil which are 
capable of symtliesizing polysaccharides, or in determining the nature of the 
polysaccharides produced, Martin (1945) lias made a start in this direction. 
He found, using a medium containing cgg*albumin, or sodium nitrate and 
glucose or sucrose, and pouring plates from a high tlilution, that nearly every 
plate contained from one to five slimy colonics. The majority of the organisms 
forming these colonies were cnpsulatcd. Wc have sun’cycd clifTcrcnt soils 
(agricultural, moorland, and forest) to determine (o) the presence, and if 
possible the proportion, of gum-producing bacteria, and (6) the nature of tlie 
poly'saccharides produced by these organisms. 

aiETHODS 

Bacieriological methods. The medium used throughout this work was that of 
Cooper it Preston (1937), called by tlicm Medium II. For counting purjioscs the 
CaCOj which tliis medium ordinarily contains can be omitted. Soil samples 
were taken with sterile precautions and plated by the dilution technique of 
Cutler, Crump & Sandon (1922) on the day the samples were collected, and 
usually incubated from S-l days at 25^ IVith longer incubation tlic plates were 
frequently ovcrgromi by spreading organisms. The sucrose, us«l in 2% 
concentration in the medium, was sterilized separately at double strcngUi and 
4 ml. added to an equal quantity of double-strength mineral base -f agar. 

The proportion of slimy colonics was noted and e.ach colony examined for 
capsulatcd organisms before inclusion in the count. From among these colonics 
(developing on the five replicate plates) random isolations nerc then niadc on 

26-3 
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to Cooper & Preston’s solid medium. Pure cultures obtained on this medium 
were grown for 2-4 days at 25° on four plates of the same medium and the 
growth harvested for investigation. 

Chemical methods. The polysaccharides were purified and hydrolysed as 
described by Forsyth & Webley (1949) and the constituent sugars identified 
by the paper chromatography technique (Partridge, 1946, 1948; Forsyth, 1948) 
as follows, 

Fruetose. After hydrolysis with O-In-HjSO^ for | hr. at 100 °, fructose was 
identified from its Bp values (n-butanol, O-IO; phenol, 0-51 ; s-collidine, 0-42), 
and confirmed by the ketose reaction on spraying the clwomatograms with 
naphthoresorcinol or resorcinol reagent. When fructose was present it was 
destroyed by dilute acid hydrolysis of another sample of the gum and the 
residual polysaccharide, if any, reprecipitated with ethanol and subjected to 
stronger hydrolysis (N-H 2 SO 4 for 4 hr.) to test for other sugars. When fructose 
was not present, another sample of gum was directly hydrolysed with the 
N-H 2 SO 4 for the other sugars. Only 10-20 mg. samples were required. 

Glucose. Bp values: «-butanol, 0-07; phenol, 0-39; s-collidine, 0-39, That the 
sugar was an aldohexose was confirmed by resorcinol spray. 

Mannose. Bp values: n-butanol, O-IO; phenol, 0-45; ^-collidine, 0-46. That the 
sugar was an aldohexose was confirmed by resorcinol spray. 

Bhamnose. Bp values: n-butanol, 0 - 22 ; phenol, 0-59 ; s-collidine, 0-59. That 
the sugar was a methylpentose was confirmed by naphthoresorcinol and 
resorcinol spray. 

Uronic acids. These were detected both by the naphthoresorcinol test on the 
intact polysaccharide and by spraying chromatograms of the hydrolysate with 
this reagent. They also give spots close to the starting line with the silver 
nitrate reagent. 

RESULTS 

From Table 1 it will be seen that the polysaccharide-producing bacteria were 
present in all three types of soil examined. The proportion varied from about 
5 % of the total viable bacterial flora in the layer of the moorland soil to 
about 16 % in the top 6 in. of the agricultural soil. From the soils listed in 
Table 1 and from one other agricultural soil 40 strains were isolated at random 
from the slimy colonies on the plates. Table 2 gives a complete list of the 


Table 1, Gum-producing bacteria in soils 

Mean count 


Soil sample (3-5 plates) 

A._ ^ Dilution used , \ 


Location and type 

Depth 

for plating 

Total 

Gummy colonics 

Moorland (Dinnet) 

A,* layer 

1/2,500 

120 

13 


Bj* layer 

1/2,500 

73 

5 

Broad-leaved wood- 

2r-4, in. 

1/25,000 

98 

9 

land (Dunottar) 

12-15 in. 

1/25,000 

76 

11 

Agricultural 3rd year 

0-6 in. 

1/250,000 

131 

21 

year grass (Stonehaven) 





Proportion 
of gum-pro- 
ducing 
bacteria 
(%) 

10-8 

4-5 

9-5 

15 

16 


:i=^,=Upper leached layer of the soil (usuaUy grey in colour). 

*Bi clipper layer of less strongly leached sub-soil (usually reddish 


or yellonish in 


colour). 
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Table 2. The morphological characiers of soil bacteria and the 
constituent sugars of the polysaccharides synthesized by them 


Soil sample 

Location and tj^pe Depth 
Dinnet iMoor Layer 


Layer 


Tilliecorthy; o"ric«l- 12-1 j in. 
tural soil 


Dunottar Woods; 2->4 in. 

lirond-leavcd woodland 
soil 


12-13 in. 


Stonehaven; agricul- 0-(l in. 
tural soil 


Morpliologj* 

Spore former, Group I 
Short non-sporing rod 

Short non-sporing rod 
Spore former, Group 1 
Spore former. Group 1 
Spore former. Group 2 

Short non-sporing rod 

Spore former. Group 1 
Spore former, Group 1 
Spore former, Group 2 

Spore former. Group 2 

Short non-S]>oring rod 
Spore former, Group 2 

Short non-sporing rod 

Medium non-sporing rod 

Spore former, Group 2 

Short non-sporing rod 
Spore former. Group 1 
Short non-sporing rod 
Short non-sporing rod 
Short non-sporing rod 

Short non-sporing rod 

Short non-Rjwring nxl 
Short non-sporing ro<l 
Short non-sporing rod 
S|>orc former. Croup 1 
Short non-sporing rod 
Spore former. Group I 
SjKjrc former. Group I 
Pleomorphic tj^pe 
Short non-sporing rod 
Short non-sporing rod 
Short non-sporing rod 

I’Jcoinojphic rods 
Pleomorphic rods 
Medium non-sj)oring rod 

PIeomor|)1iic rods 

Spore fomwr. Group 1 
S|K>rr fonner, Grotip 1 
Sjfore fornicr. Group 1 


Components of the 
polj'saccharidcs 
I'ructose 

Glucose, mannose, 
rhamnosc, uronic acid 
Glucose, uronic acid 
Pructosc 
Fructose 

Pnictose, glucose, 
mannose, uronic acid 
Glucose, mannose, 
rhamnosc, uronic acid 
Glucose, uronic acid 
Glucose, uronic acid 
Fructose, glucose, 
uronic acid 
Glucose, mannose, 
uronic acid 
Glucose, uronic acid 
Fnictosc, glucose, 
mannose, uronic acid 
Glucose, mannose, 
rhamnosc, uronic ocid 
Glucose, mannose, 
uronic acid 
Glucose, mannose, 
uronic acid 
Glucose, uronic acid 
Fructose 

Glucose, uronic acid 
Glucose, uronic acid 
Glucose, mannose, 
rhamnosc, uronic acid 
Fructose, glucose, 
uronic acid 
Glucose, uronic acid 
Glucose, uronic acid 
Glucose, uronic acid 
Frriclose 

Glucose, uronic acid 
Fnictose 
Fructose 
Fructose 

Glucose, uronic acid 
Glucose, uronic odd 
Glucose, mannose, 
rhamnose, uronic oc1<l 
Ghicose, uronic acid 
Glucose, uronic acitl 
Fructose, glucose, 
uronic acid 
Glucose, nianntfse, 
uronic arid 
Glucose, uronic add 
1‘rurtose 
rn;ctose 
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bacteria, their morphological character, and the constituent sugars of the poly- 
saccharides synthesized by each. The spore-forming bacteria have been divided 
into groups after Smith, Gordon & Clark (1946), The pleomorphic organisms 
%vere similar morphologically to those described by Conn & Dimmick (1947) 
under the genus Arihrohacier. 

DISCUSSION 

It is apparent from Table 1 that gum-producing bacteria are present in reason- 
able numbers in all the soils studied, and from Table 3 that the levan and 
glucose-uronic types of polysaccharides predominate in the soils studied. 
A glucose-mannose-uronic type is also present. A group of organisms S 3 mthe- 
sizing a polysaccharide containing rhamnose is moderately prevalent and well 
distributed. Such a polysaccharide has not hitherto been isolated from a 
non-pathogenic bacterium. 

Table 3. The different types of polysaccharide gum produced by soil 
bacteria; distribution among the soils 

The different types of bacterial gums give on hydrolysis the folloiving sugars: A, fructose; 
B, fructose, glucose, uronic acid; C, fructose, glucose, mannose, uronic acid; JJ, glucose, 
uronic acid; B, glucose, mannose, uronic acid; F, glucose, mannose, rhamnose, uronic acid. 

Tj^pe of polysaccharide synthesized 
r~ 

A 

Soil , — 

Dinnet moorland 3 

Dunottar woodland 1 

Stonehaven agricultural 0 

Tiliiecorthy agricultural 0 

Totals 10 

It is known that the Group 1 bacilli of Smith et al. (1946) produce levans 
(Harrison, Tarr & Hibbert, 1930; Challinor, Haworth & Hirst, 1934; Lyne, 
Peat & Stacey, 1940; Forsyth & Webley, 1949). Group 2 bacilli produce 
glucose-uronic and glucose-mannose-uronic types (Forsyth & Webley, 1949). 
Soil organisms such as Bhizobium spp. and Azoiobacier spp. (Cooper, Baker & 
Stacey, 1938) and possibly the Cytophaga group (Walker & Warren, 1938) also 
produce polysaccharides of the glucose-uronic type. Martin (1945) has isolated 
from soil non-spore-forming rods which synthesize polysaccharides of this type. 

Table 4, Morphology of soil bacteria and type of 
polysaccharide synthesized 

Type of polysaccharide"' synthesized 

Morphological group 
Spore-former Group 1 
Spore-former, Group 3 
Short non-sporing rods 
Medium non-sporing rods 
Pleomorphic rods 
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When a comparison is made of the morphological characteristics and the type 
of polysaccharide synthesized by the soil bacteria, it is seen (Table 4) that there 
is no clear co^elation between morphology and type of polysaccharide 
sjTithcsized; different tjTJes of polysaccharide are produced by members of 
a given morphological group. The results for the sporc'fomicrs are in close 
agreement, as regards the type of polysaccharide produced within each grouj), 
with the findings of Forsyth & Webley (194D) for type cultures of species of the ' 
genus Bacillus, The predominant group of short non-spore-forming rods 
produce gums chiefly of the glucose-uronic type. 
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Antibiotics produced by Bacillus licheniformis 

1. A Practical Chemically Defined Medium for Production 

of Licheniformin 

By F. C. BELTON, G. M. HILLS and JOAN F. POWELL 
Microbiological Research Department, Porton, near Salisbury 


SUMMARY : The production of licheniformin-like antibacterial activity in culture by 
a single strain of Bacillus licheniformis required neutral or alkaline conditions, 
conveniently attained by the use of lactate rather than glucose as a source of carbon 
in a chemically defined medium. 

■^^lien the medium contained initially about 0-04r-0-10% nitrogen, supplied as 
asparagine or as ammonium lactate, and the cultures, harvested after 4-9 days at 37°, 
vere sterilized by bringing to pH 2-5 and autoclaving, the inhibitoiy dilution against 
a test strain of Mycobacterium phlei was 1/160 or greater. 

Fluid from cultures in a chemically defined medium, containing 0-06 m ammonium 
lactate and 0-05 m sodium lactate, inhibited the test organism at a dilution of 
1/200-1200 (geometric mean, S30) in 44 consecutive batches of 100-200 1. culture 
fluid produced by incubation of cultures in shallow layers. The pH value of the 
harvested fluid was about 9 and the antibiotic material was partly bound by the cells. 
It was largely freed by adjustment to pH 2-5. 

WTien amino-acids were added to the medium either as a mixture of knoTO amino- 
acids, or as a casein hydrolysate, the maximum titre was attained earlier, but TOth no 
significant change in its value. A similar result was obtained with yeast extract added 
alone or ndth casein hydrolysate. 

Licheniformin is an antibiotic whose production by a strain of Bacillus 
licheniformis was fir5t reported by Callow & Hart (1946). The isolation of 
highly concentrated material and its chemical and biological properties were 
described brieflj’' by Callow, Glover & Hart (1947), and in more detail by Callow, 
Glover, Hart & Hills (1947). Cultures with similar biological and chemical 
properties were obtained only from those spore-bearing aerobic organisms 
(11 of 81 cultures examined) which were identified as B. licheniformis by the 
criteria of Gibson (1944). 

The present communication describes the development of a chemically 
defined medium for the production of active culture fluids. A preliminary 
communication indicated the reasons for adopting the formula now in use (Hart 
& Hills, 1947) which has lactate as main source of carbon and ammonia as 
source of nitrogen. The efficacy of such simple nutrients was not foreseen at the 
beginning of the work, since at that time aerobic spore-bearers were reported 
either as failing completely to produce antibiotic from such sources, as in 
subtilin production (Jansen & Hirschmann, 1944) or as producing relatively 
low yields in comparison with those from more complex media, as in tyrothricin 
production (Lewis, Dimick & Feustel, 1945). Hence, in spite of the desirability 
of using a chemically defined medium to facilitate isolation of the active 
material free from impurities introduced in the medium, it was considered 
expedient to examine antibiotic production in a complex medium of controllable 
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composition. A suitable medium for this piu-pose was the CCY medium of 
Gladstone & Fildcs (1940) in wliich the nitrogen is supplied as the amino-acids 
of an acid hydrolysate of casein, supplemented with a tryptic digest of tlie same 
protein to supply tr\'j)tophan. Other watcr-soUiblc growth faetors are provided 
by a boiled yeast extract. 


iMETHODS 

The techniques were in general those of Callow el al. (1947), modified ns 
described below. 

Cultures. The organism used throughout was the Hampstead strain of 
B. licheniformis, now N.C.T.C. 7072, maintained on glycerol asparagine agar. 
Experimental media were inoculated from a liquid glucose asparagine culture 
as described by Callow et al. (1947). In addition, spores from the original 
culture, as received from Hampstead, were stored in the dried state by washing 
off in distilled water, heating for 90 min. at CO® to destroy vegetative forms, 
and drying in 0’05 ml. amounts in 10x45 mm. tubes over PjOj at a pressure 
of 0”05 mm. Hg. The tubes of dried spores were evacuated again in test-tubes, 
which were sealed and stored at 2®. 

For convenience, spore suspensions were used in tlie inoculation of the 
medium finally adopted for routine production. They were prepared from the 
tubes of dried spores, wliicli were incubated at 37® for C hr. in tiy'ptic beef brotlj ; 
0’5 mb then seeded into asparagine glucose liquid medium without 
(Callow et al. 1947), and incubated overnight at 87®. One and a half ml. of this 
culture was seeded on to 30 mb quantities of solid maintenance medium 
(Callow ei al. 1947) in 8 oz. medical flats. Complete sporulation occurred in 
7 days at 37®. The spore suspensions M-crc standardized by the method of 
Callow ei al. (1947). 

Culture Jtiedia. Tlie following media were tested for production of antibiotic: 
the CCY medium of Gladstone & Fildcs (1040), the glucose + asparagine medium 
of Callow & Hart (194G), the two ‘growth’ media of Callow et al. (1947), anti 
modifications of tlitee. 

Conditions of incubation. All cultures were incubated for varying periods at 
87®. Most of the work was done with stagnant cultures of 15 nil. of medium in 
50 mb conical flasks, 50 mb in 250 mb conical flasks or 1 1. in rectangular 
cnamclled-stecl traj-s, approx. 25 x 40 cm. In each case tlic average depth of 
medium was about 1 cm. Separate flasks or trays, or a pool of replicates were 
used for each determination, since it ^^’as found t!mt disturbance of the pellicle 
by sampling led to irregular results on continued incubation. In a few tests 
15 mb cultures were shaken in 50 mb flasks at 120 cydcsS/tnin., the amplitude 
being 2-5 cm. 

Precision of the rncOwd of nssay. Experience witli the nicthcKl as dcscril)ed 
bv Callow et al. (1947) suggested that c\*cn two-fold differences between single 
assays could not be regarded as significant. Tliis confirme<l by statistical 
anal>’sis of the results for 20 consecutive 150 b batches of culture. .Assays wert: 
carried out in duplicate, or sometimes triplicate, on .samples of culture which 
had Ix^cn subjccttxl to three different treatments, llartlctt’s test showed no 
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significant heterogeneity of variance of the log potency between the three 
treatments (P>0‘25) and there was no significant correlation (r=+0’085; 
P>0'1) between the log potency and its standard error within the observed 
range of end-points (dilutions of 1/300-1/1500). A pooled estimate of the 
variance, based on the 71 degrees of freedom available from the 60 samples, 
corresponded to a standard error of 0*11 for the log potency and an insignifi- 
cant difference (P = 0-95) for observations in the ratio less than 2-0. Since this 
ratio was only diminished to 1 • 5 for the difference between the means of triplicates, 
it was usually expedient to save labour on replication of assays in favom of 
confirmation of results by total repetition of experiments. Crucial tests were, 
however, planned in a form providing internal evidence of accuracy. Geometric 
rather than arithmetic means were used in pooling the results of assays, in view 
of the uniformity of variance of the log potency. 

RESULTS 

Media with casein hydrolysates as source of nitrogen 

Since the original medium of Callow & Hart (1946), with asparagine as source 
of N, contained 3 % glucose, modifications of CCY medium with this concen- 
tration of sugar were compared with normal CCY medium containing 0’65 % 
sodium lactate (58 mw), and a modification without either lactate or glucose. 
Table 1 shows that, although it was possible to get moderate titres at 6 days 

Table 1. The effect of carbon source on licheniformin production in 
CCY medium compared with glucose asparagine medium 


Licheniformin 

units/ml. at (days) pH at (days) 


Jledium 



2 

4 

> 

0 

t 

2 

4 

6 

CCY, no lactate 

101 

40 

20 

8-5 

9-1 

9-3 

CCY +58 mai lactate 

80 

40 

20 

8-7 

9-3 

9-4 

CCY + 150 msi glucose 

20 

20 

20 

5-7 

7-5 

8-3 

Asparagine + 150 msi glucose 

23 

80 

101 

60 

80 

7-2 


with the medium of Callow & Hart (1946), CCY medium with the same glucose 
concentration produced no antibiotic within this period, whereas in the absence 
of glucose moderate titres were reached within 2 days, declining on further 
incubation. It appeared from the pH changes that a slightly alkaline reaction 
was an essential but not sufficient condition for antibiotic formation. Excessive 
alkalinity, on the other hand, was to be avoided. 

In other experiments titres as high as 320 units/ml. (i.e. cultures inhibiting 
at a dilution of 1/320) were reached as early as 18 hr. and were sometimes 
maintained for as long as 4 days after inocffiation. Initial acidity delayed or 
prevented the attainment of a high titre even when good growth occurred. In 
media with and without lactate, the omission of glycerophosphate buffer or its 
replacement by an equivalent amount of phosphate had no effect (Table 2). In 
all cases a pH value of about 9 was reached by the third day and subsequently 
the titre fell considerably. 
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Although moderate titres were reached in CCY medium, this was never used 
for r9Utine production of antibiotic, since observ'ations on the conditions of 
antibiotic formation in that medium led to modifications of chemically defined 
media that gave consistently higher titres. Hence, further modification of 
CCY medium was not undertaken. 

Table 2. The effect of buffer on Itckenifonnin 
production in CCY media 

Licheniformin 



Lactate 

units/ml. at (days) 

Buffer (33 irut) 

concentration , 

(ITOI) 

3 

G 

None 

0 

225 

112 


56 

225 

80 

Phosphate 

0 

100 

80 


56 

112 

80 

Glycerophosphate 

0 

ICO 

CG 


58 

225 

55 

Media xoith 

asparagine as a soxtrcc 

of nitrogen 



Tlic glucose asparagine medium of Calloiv & Hart (194C) had a number of 
disadvantages due to the glucose. Thus the glucose concentration was critical 
and dependent on the t>'pe of vessel used for incubation. Witli 2% glucose, 
50 ml. of medium in 250 ml. conical flasks gave the optimum litre of 320 
units/ml., but 250 ml. medium in cylindrical flasks of about 18 cm. diam. gave 
more variable and, on the whole, lower titres, although the average depth of 
medium in botli cases was about 1 cm. Glucose also gave highly viscous 
culture fluids and tough pellicles, to which the active material was bound, and 
from which it was difficult to isolate. 


Table 3. The effect of replacing glucose b^ lactate in rnedia 
icith asparagine as source of nitrogen 
LJchcniformln 


unita/ml. nt (dnys) pH nt (day^) 


Source of 
carbon 

Concentration 

(mM) 


.3 

4 

C 


3 

4 

C 

Lactate 

1C7 

225 

225 

ICO 

ICO 

88 

PO 

0 0 

00 

I^actntc 

33-3 

IGO 

80 

.320 

320 

8-8 

00 

00 

on 

lactate 

G7 

ICO 

IGO 

ICO 

450 

88 

PO 

oo 

00 

Lactate 

133 

80 

IGO 

ICO 

320 

8-8 

00 

0 2 

0^ 

Lactate 

250 

14 

— 

20 

11 


— 

05 

03 

Glucose 

110 

20 

IGO 

ICO 

225 

C 5 

7-0 

7-4 

6C 


Since (i) the maximum titre was not rcnclictl in this medium until after the 
initial acid fermentation had cc-osed and the medium had citljcr regained 
neutrality or lind even become .alkaline, and (ii) the maximum litre was reached 
earlier in those modifications of the CCY medium whicli never became acid, 
the cfTcct of replacing ghicose by lactate was tested (Tabic 0). On the basis of 
this, and similar experiments, it appc.arc<l that the maximum litre was rcachcfl 
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earlier Avith low concentrations of lactate but the best titres Avere reached in 
about 6 days Avith about 0-75% sodium lactate (67 mn). The lactate concen- 
tration, hoAvever, Avas not critical and only in high concentrations, roughly 
equivalent in total carbon to the glucose previously used, Avere poor titres 
observed. Similar results were observed Avith 15, 50 and 1000 ml. volumes of 
medium provided the average depth Avas about the same; variations in this 
depth from 5 to 15 mm. merely delayed the appearance .of maximum activity, 
for periods up to 24 hr. 

Media with ammonia as source of nitrogen 

Although replaeing the unsatisfactory media containing high glucose 
concentrations, the asparagine lactate medium Avas still not suitable for 
large-scale production because of difficulty in obtaining adequate supplies of 
asparagine. Replacement of asparagine by a mixture of ammonium chloride 
and sulphate, as used by Fildes (1938), gave Ioav titres: 40-80 units/ml. after 

Table 4. Licheniformin production and pH changes with ammonia 
as source of nitrogen and lactate as source of carbon 


Licheniformin 

units/ml. at (days) pH at (days) 

Lactate Ammonia* , , , * 


(imi) 

(m»i) 

1 

o 

4 

1 

2 

4 

33 

17 

40 

80 

80 

8-0 

8-0 

9-2 

67 

33 

40 

80 

160 

8-2 

8-8 

9'4 

133 

67 

20 

80 

160 

8-2 

8'8 

9-2 

267 

133 

0 

0 

40 

7-0 

8-4 

8-6 


* The ammonia was added as an equinormal mixture of thrice recrystallized ammonium 
chloride and sulphate. 

2-6 days Avith 25-50 mM lactate. The nitrogen content (17 mN), hoAvever, AA'as 
less than 25 % that of the asparagine medium. When increasing the concen- 
tration of ammonium salts it was necessary to increase the concentration of 
metabolizable anions (as in penicillin production on chemically defined media; 
Jarvis & Johnson, 1947), in order to prevent the development of acidity Avhich 
could not be adequately controlled by an increased buffer capacity. Titres AA^ere 
thus increased to 160 units/ml. at 4 days Avith 33-67 mil ammonia and 
67-133 mil lactate (Table 4). There Avas little activity Avith 133 mii ammonia 
and 267 mil lactate, but this Avas not due to adverse pH changes, since 
development of alkalinity Avas little delayed compared Avith that in cultures in 
less concentrated media. Similar titres Avere reached 24-48 hr. earlier in shaken 
cultures and even higher titres, up to 640-1280 units/ml., Avhen the ammonium 
salts were replaced by a commercially available solution of ammonium lactate. 
The medium could also be made up Avith lactic acid (British Pharmacopoeia 
standard, approx. 12 k) neutralized partly Avith NaOH and partly mth 
ammonia; but this method Avas inconvenient, owing to the need for boiling 
the medium at an alkaline pH to hydrolyse lactide, and a variable decrease in 
pH value which occurred on autoclaving. This method Avas therefore abandoned 



Lickeniformin 2 yrodtiction m defined media 405 

owing to the uncertain loss of ammonia and the need for a final adjustment of 
pH under aseptic conditions. It served, however, to show, using 1 1, quantities 
of medium in trays, that the amount of ammonia (sp. gr. 0-880) could be 2, 0 
or 4 ml. giving 80, 45 or CO mM NH4+, and the initial pH could be C-4, 7*0 or 7-5, 
witli little effect on the titre at 7 days (Table 5). 

Table 5. The effect of initial pH and ammonia content of tnedia 
' All media contained 10 ml. lactic ocid (B.P.)/1. 

Liclicnlformin 

Ammonia units/ml. at (days) 


(sp.gr. 0 880) 
(ml./i.) 

Initial 

pH 

G 

r 

11 

2 

0-4 

GOO 

300 

200 


ro 

250 

400 

200 


7-5 

50 

500 

400 

3 

C-4 

500 

500 

GOO 


7-0 

300 

400 

500 


7-5 

20 

800 

1000 

4 

0-4 

400 

GOO 

COO 


7-0 

•too 

500 

GOO 


7-5 

40 

800 

400 


This medium was made up most conveniently with commercial 50% 
ammonium lactate and 50% sodium lactate, using 10 ml./l. The initial pTI 
7*0-7»2 fell to G'5-C-7 after autocIaWng 15 min. at 15 Ib./sq, in. Analj'sis 
showed about 110 mM lactate (by the method of Fricdcmann & Graescr, 1033) 
and GO msi ammonia, after autoclaving. In one experiment triplicate daily 
assays at 4-9 days showed a maximum titre of 1100 unils/ml. at 5 days, but 
this hardly differed significantly (i’»0-95) from the lowest assaj's of CSO 
units/ml. obsen^ed at 4 and 9 days. The standanl error of the log potency was 
0-108, identical with the pooled estimate observed later on 20 consecutive 
batches of culture fluid. 

Effects of aminO'acids and other groicth factors 

The inclusion of 0-15 % ncid-hydrolysntc or trj-ptic digest of casein in tlie 
basal ammonium sodium lactate medium stimulated growth and gave a 
markedly raised titre during the first 2—1 days. The maximum litre wils 
usually attained during this period (Table C), but was not significantly different 
from that in the control flasks at 0-7 days. This effect was not due merely to 
increased available nitrogen, because the substitution of nn equivalent amount 
of nitrogen as ammonium lactate did not give an early high litre. A known 
mixture of amino-acids behaved similarly to the casein hydrol)’satc. The 
addition of yeast extract, alone, or with tryptic casein also stiinul.atcd growtli 
and gave high litres in 21— IS hr. 

The addition of purines and pjTimkIincs gave a maximum titre in 4 
A mixture of certain growth factors was inhibiton.’, viz. biotin, 0-005 /in; Ca 
pantothenate, riboflavin and ancurin, 1 /iM; oleic acid and pjTidoxin, 2 /m; 
nicotinamide, 5 /im; hnemin, 10 yni; choline cldoridc, 20 /iv; and inositol, 
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lOO /jji. The inhibition was traced to haemin, which was present at 10 In 

the absence of the liaemin a stimulation of growth was observed with the other 
substances. Van Heymngen (194.8) reported inhibition of growth of B. liclieni- 


Table 6. Effects of amino-acids and other stimulants of growth 

In all experiments duplicate flasks were assayed for each treatment. The titres quoted are 
the geometric means for the number of experiments indicated in parentheses. 




Lieheniformin, units/ml. 

(no. ,exp. 

) at (days) 

Supplement 

1 

2 

3 

4 

5 

6 

7 

Nil 

0 

30 

80 

100 

800 

700 

1300 

Ammonium lactate (17 iwu) 

(3) 

(3) 

20 

(3) 

(3) 

400 

(3) 

(2) 

600 

(1) 

300 

Yeast extract ( s 10 % fresh 

900 

(1) 

450 

COO 

(1) 

500 

400 

(1) 

500 

(1) 

250 

yeast) 

(1) 

(4) 

(3) 

(4) 

(3) 

(3) ■ 

(2) 

Tryptic digest of casein 

000 

000 

800 

600 

800 

800 

400 

( = 0-15% casein) 

(1) 

(4) 

(3) 

(4) 

(3) 

(3) 

(2) 

Yeast extract-}- tryptic digest 

1300 

1300 

1000 

700 

500 

300 


of casein 

■ (1) 

(3) 

(3) 

(3) 

(3) 

(1) • 


Acid hydrolysate of casein 

— 

400 


600 


600 

150 

(sO-15 % casein) 


(1) 


(1) 


(1) 

(1) 

Amino-acid mixture* 

— 

100 

1300 

1300 

2500 

500 

Purines -}- pyrimidinesf 


(1) 

(1) 

(1) 

(1) 

(1) 


— 

0 

40 

900 

450 

300 





(1) 

(1) 

(1) 

(1) 

(1) . 



* Glycine, alanine, serine and glutamate, 1000 (tsi; leucine, isoJeucine, norieucine, proline, 
L-hydroxyproline, phenylalanine, tyrosine, aspartate, n-arginine and lysine, 500 /m; valine, 
threonine, L-cystine, methionine and n-histidine, 200 /tw; tryptophan, 100 /im. Concentrations, 
except where shown otherwise, are of the n-form in nn-mixture. Glutamine, 500 /iM, was 
also present. 

t Adenine, guanine, xanthine, cytosine, thymine and uracil, 50 /tM each. 


formis and of a number of other aerobic sporing bacilli by haematin in agar at 
ten times the concentration we used. Tlie haemin effect in our experiments was 
rather erratic. In a few cultures, growth was observed after a lag of 3-4 days, 
whereas replicates remained clear for several weeks. This difference was not 
associated with variations in the initial pH of the medium. 


Routine production 

The simple ammonia + lactate medium was used without supplements of 
yeast extracts or casein hydrolysates. One litre volumes ivere incubated 
for 6 days in enamelled steel trays with loose-fitting lids. The pH rose to 
8-00-9-75. The cultures were acidified to pH 2*5 with about 8 ml, 12 n-HCI/ 1. 
and boiled for 20 min., since Callow & Hart (1946), using glucose asparagine 
medium, had found that some such treatment was needed to free the antibiotic 
from the cells. After cooling the liquid rapidly in a 120 gal./lw. milk cooler, the 
cellular debris was removed in a continuous centrifuge. 

In 44 consecutive batches, the potencies of the whole culture lay within 
a range of 270-1200 units/ml., with a geometric mean of 530. Results as low as 
270 units/ml. for some early batches w^ere believed to be due to over-heating of 
the hot-room, when freshly autoclaved vessels of medium for a succeeding 
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batch were allowed to cool there, preparatory to inoculation at 37®. Wlien the 
flasks of medium were allowed to cool before transfer to the hot-room, low 
results were obser\’ed only irregularly and were almost certainly’' due to vari- 
abiliW in the assay. In spite of such irregularities, the potencies of the culture 
fluids were significantly correlated with those of the whole culture (r= +0'C75; 
P> 0*999) over the complete series (Fig. 1) though shorter series were not 
always adequate to show it (Table 7). 



Fig. 1. The recover}* of lichcnifomUn In culture fluids. The fluid was remostd nflcr boiling 
20 min. at pH 2*5; series I, single obscr'^oUons 0» two identical obsen'ations _□ ; 
scrie!i II, cultures also supplying data on remoMil of fluid nt pll Oand at pll 2-5 uithout 
boiling (Table 7) A j scries III, cultures obo suppKing data on removal of fluid at pll 
2-S wthout boiling (Table 7), single obscr\*ation O, two identical obsen.’allons <^, Uirce 
identical obscr\'ations 

It was found that under these conditions the active material was no longer 
firmly bound to the cells and over 50 % could be recovered from the supenmtant 
on centrifuging the whole culture at the pH reached during incubation (Table 7) 
The average loss, however, was highly significant (P> 0*909) in t lie 12 nnsclccled 
batches on which the dctcnninalion was carried out. The loss was diminished, 
but was probably still significant (JP«0*98), on centrifuging at pH 2-3 and 
00 batches were needed to show sigitificancc at this level. Finally, the loss was 
decreased to 7 %, and was tlicn insignificant (/*s=s0*92) after boiling at this pH 
and centrifuging cither at the same pH or at pH 5. The latter value. pH 5, was 
frequently convenient, since it was also used for tlic subsequent utlsorption 
of the active material on clmrcoal. 
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DISCUSSION 

The routine medium described is produced cheaply from chemicals available 
commercially m bulk. Since highly purified chemicals and minimal inocula 
were not used, we have not established the minimal nutritional requirements 
of 5. hcJieniformis. The mineral requirements, in particular, were not examined, 


Table 7. The recovery of active material in culture fluids 


Conditions of 

No. of 

Correlation 
coefficient 
of log 

potencies of 
whole 

Probability 

f 

Percentage recovery 

A 

Fiducial* Probabilitv 

culture and 

of r due to 


limits of 

of loss* due 

removal of 

batches 

supernatant 

chance 


mean 

to chance 

cells 

treated 

r 

P 

Mean P=095 

P 

At final pH of 
culture (8-00- 
9-75) 

12 

0-47 

01 

56 

45-69 

0-001 

At pH 2 05- 
3-17 

36 

0-54 

0001 

88 

79-99 

0-021 

After boiling 

20 min. at 
pH 2-05~3-17 

44 

068 

0001 

93 

83-103 

0-08 


* Since Bartlett’s test showed no significant heterogeneity of the variance of the log 
recovery (P=0-2C), a pooled estimate was used in calculating the fiducial limits and 
probability of loss due to chance. This is half the probability of an equal chance deviation 
without regard to sign. 

SO that although Mn++ was supplied at 1-3 x 10-®jr as for subtilin production 
(Jansen & Hirschmann, 1944), the optimal requirement is unknown. Similarly 
it is not known whether other trace elements are required, such as Zn which is 
essential for subtilin production (Feeney, Lightbody & Garibaldi, 1947; 
Feeney & Garibaldi, 1948), and which may have been adequately supplied as 
an impurity in the chemicals used. 

The absence of any increase in the peak titre when the media were supple- 
mented with amino-acids or growth factors, either as pure chemicals or in the 
form of casein hydrolysates or yeast extracts, contrasts with tyrothricin 
production (Lewis ei al. 1945) in which a supplement of tryptone supplying less 
than one-sixth of the N supplied as ammonium sulphate increased the yield 
five- to eight-fold when citrate or better, malate, was present. It is, however, 
to be emphasized that ammonia is likely to serve as an adequate source of N 
both for growth and antibiotic production by other members of the Bacillus 
group, since it usually supports some growth, which may be improved by 
‘training’ (Knight, 1986). Previous failures have in certain cases been due to 
the development of adverse conditions, such as pH, during incubation. Thus it 
is now recognized that ammonia suffices for subtilin production (Feeney, 
Garibaldi & Humphreys, 1948) in spite of earlier reports to the contrary 
(Jansen & Hirschmann, 1944). Here, as weU as with tyrothricin (Lewis et al. 
1945), it is essential to avoid acidity by supplying also a metabolizable anion 
such as citrate. A more elaborate example of pH control using this principle 



Lichemfonnin prodttclion in defined media 409 

to maintain, successively, optima both for growth and antibiotic production, is 
given by the work of Jarvis & Johnson (1947) on penicillin. With bacitracin 
production (Anker, Johnson, Goldberg & Melcncy, 1948) utilization of 
ammonia does not appear to have been tested; wth amino-acids, however, 
L-glutamate was not consistently replaceable by n-glutamate, asparagine or 
glycine. The fact that replacement did sometimes occur suggests the possibility 
that it depended on the initiation of enough growth to cause breakdown of the 
amino-acids followed by utilization of ammonia. 

Wc wish to thank Dr D. W. Henderson and Dr P. D’Arcy Hart for helpful criticism. 
We arc also indebted to Dr Hart for active help wth experimental work in the early 
stages, especially in standardization of the method of assay. Publication is with 
permission of the Chief Scientist, Ministrj' of Supply. 

REFERENCES 

Anker, H. S., Johnson, R. A., GoLDocna, J. & Meleney, F. L. (1048), Bacitmein: 
methods of production, concentration and partial purification, with a summary 
of the chemical properties of crude bacitracin. J. Dnct. 55, 249. 

Callow, R. K., GLO^’ER, R. E. & Hart, P. D*A. (1047). Licheniformin, the anti- 
biotic material from Uchemfonnis; concentration and some chemical 

and biological properties. Btochem. J. 41, xx\’ii. 

Callow, R. K., Guoven, R. E., Hart, P. D’A. & Hills, G. M. (1047). Licheni- 
formin, nn antibiotic substance from Bacillus lidicnifonjiis active against 
Mycobacterium tuberculosis. Brit. J. exp. Path. 28, 418. 

Callow, R. K, & ILvrt, P. D’A. (1940). Antibiotic material from Baeillits 
licheniformis (Weigmann, emend. Gibson) active against species of Mj*cobactcria. 
'iVfllurc, Load., 157, 334. 

Fuenev, R. E. & GARinALDi, J. A. (19(8). Studies in the mineral nutrition of the 
stibtilin producing strains of Bacillus suhtUls. Arch. Btochem. 17, 4(7. 

Feeney, R. E., Garidaldi, J. A. & IIumphreys, E. M. (1048). Nutritional studies 
on subtilin formation by Bacilltts sublilts. Arch. Biochevt. 17, ‘(35. 
FEnNEY,R.E.,LioirmonA*,n.D.&GARinALoi,J.A.(10i7).Zincasancs‘tcnlinlclcmcnt 
for groArth and subtilin formation by Bacillus suhtHis. Arch. Bioehem. 15, 13. 
Fildes, P, (1088). The gro^rth of Proteus on ammonium Jaclntc plus nicotinic acid. 
Brit. J. exp. Path. 19, 230, 

l^iEDKMANN, T. E. & GuAESER, J. B. (1933). Thc determination of lactic acid. 
J. biol. Chem. 100, 291, 

GinsoN, T. (19 44). A sludv of Bacilltts subtilis and related organisms. J. Dairy lies. 
13,248. 

Gladstone, G. P. & Fildes, P. (10(0). A simple culture medium for general u'ie 
without meat extract or peptone. Brit. J. exp. Path. 21, 101. 

Hart, P. D’A. & Hiles, G. M. (19(7). A simple medium for the production of 
antibiotic by Bacillus lichetiifortnis. Bioehem. *J. 41, xXA'it. 

VAN Hea-niscen, \V. E. (10(8). Inhibition of sporing bacilli by hacmaUn. Saltire, 
Loud., 162, 114. 

Jansen, E. F. * Hirscilman.v, D. J. (10((). Subtllin—nn antibacterial pirxhicl of 
Bacillus subtilis: culturing conditions and ppo|>crtics. Arch. lUoehnn. 4, 207. 
Jarvis, F. G. & Johnson, M. J. (10(7). Tl>c role of (xmstitucnls of sj-ntlictlc media 
for penicillin pnxluction. J. Amer. chem. Soc. 69, 3010, 

Kniciit, B. C. j. G. (1030). Bacterial nutrition. Spec. Bep. Ser. med. lies. Coun., 
JjOnd., no. 210. 

Lewis, J. C., Dimick, K. P. & Feusteu I. C. (19(3). PrtKlucUon of tj-roUiricin in 
cultures of Bacillus brevis. Industr. llngpit, Chem. (Ind. Ed.), 37, 90C. 

{Beceived 25 Janunry 1019) 


cuiiij 



410 


The Influence of Magnesium on Cell Division 

2. The Effect of Magnesium on the Growth and Cell Division of 
Various Bacterial Species in Complex Media 

By M. WEBB 

Chemistry Department, The University, Edghaston, Birmingham 

SUMRIARY : Magnesium is essential for the normal cell division of bacilli in complex 
media. Under conditions of magnesium deficiency or magnesium excess, cell division 
is inhibited and filamentous cells may be formed. Under the same conditions there is 
no appreciable interference with the division of chromatinic bodies. The magnesium 
requirements of the Gram-positive bacteria are considerably greater than those of 
the Gram-negative bacteria, possibly because the former incorporate magnesium 
into the structure of the Gram complex. 

In a previous communication (Webb, 1948«) it was shown that magnesium was ' 
essential for the normal cell division of Clostridium welchii. In complex media 
deficient in ionic magnesium. Cl. welchii grew in the form of long filaments, 
which reverted to cells of normal morphology when subcultured in a medium 
containing 0-0015 % (w/v) magnesium ion. In extending these studies, the 
influence of magnesium oh the growth and division of various other species of 
bacteria in complex media has been determined. The results, described here, 
suggest that magnesium is essential for the normal cell division of all the 'rod- 
shaped bacteria studied, but that fundamental differences exist between the 
magnesium requirements of Gram-positive and Gram-negative organisms. 

MATERIAL AND METHODS 

The majority of the bacteria studied were obtained from the National 
Collection of Type Cultures and are indicated in the text by the N.C.T.C. 1936 
catalogue number following the name of the organism. The remaining cultures 
were from a collection maintained in this department. 

Magnesium analyses were made gravimetrically as previously recorded 
(Webb, 1948 o). Although these analyses were tedious and required about 2 g. 
dry cells for each determination in duplicate, the method was more accurate 
and more reproducible than colorimetric determinations. 

A peptone water medium containing 2% (w/v) peptone (Evans Medical 
Supplies, London) was made deficient in ionic magnesium by precipitation of 
this element as magnesium ammonium phosphate as previously described 
(Webb, 1948 a). By this means 94% of the total magnesium present in the 
peptone Avas removed and the final medium contained c. 0-00003 % (av/v) Mg. 

When Mg-defieient liquid media AA^ere solidified Avith agar, the magnesium 
present in the agar Avas utilized by bacteria. Ignition of agar (Ward, Blenkinsop 
and Co.) gave 1-34 % ash, AA'-hich contained 2-65 % magnesium. When magne- 
sium, together with other metallic ions (K+ Na+, Ca++ Fe+++, Sn++), Avas 
removed by electrodialysis at 45°, the agar completely lost its setting properties. 
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Tin, iron, calcium and magnesium were completely removed wlicn 0*1 s hydro- 
chloric acid (2 I.) was slowly passed through a column (2 cm. dinm.) of agar 
(25 g.). After 4 days this modified agar was transferred to a Bucliner funnel and 
washed first with distilled water until free from mineral acid, and then with 
0'2sr-phosphate buffer pH 7*8. In contrast to clectrodialyse^l agar, 4 % (w/v) 
solutions of this washed agar in the magnesium-deficient broth together with 
0-005 % (w/v) Ca++ set to a rigid gd. 


EXPERIMENTAL 

Injliience of magnesium on groxciti and cell division 
Clostridium and Bacillus sirp.; Grain-positive, The abnormal, filamentous 
morphology’ of Gram-positive species of Clostridium and Bacillus grown in the 
magnesium-deficient medium at 37® (Table 1) revealed that magnesium was 
essential for normal cell division of these organisms. The formation of filameids 


Table 1. Groivth of Bacilliaceae in a magnesium-deficient peptone medium 

Cultures in ‘ammonia precipitated* Ex-ans peptone brotli prow-n for 18 hr. at 37*; 
magnesium concentration >0 00003%. 


Organism 

CL tertium 
Cl. sporogenes 

fi. suhliUs var. viacosus (No, 2387) 
Ji. aubtilis (No. 3010) 

D. poli/mt/xa (No. 1380) 

I), vulgaltts (No. 2388) 

B. myeoidea (No. 2002) 

B. megatherium (No. 2003) 

B. atilhraeis 


Morphology 
Filaments and chains 
Filaments and chains 
Ix>ng filaments 

Filaments, distorted niaments, chains and some 
normal cells 

Filaments ami shorter rods 


Long fllamcnls nn<l chains of nonual rods extending 
over several fichls 


was not altered by serial subculture of the bacilli in the mngncsium-dcficicnt 
medium, but these filamentous cells gave rise to cells of nonual appearance 
when subcultured in a medium containing Evans peptone (2% w/v), NnCI 
(0*5 %, w/v) attd glucose (0-2 %, w/v). The more abundant growtlt thatoccurrctl 
in tliis medium presumably indicates that magnesium plays some part in 
j)rotoplasmic synitlicsis as well as in cell division. 

In ngreement witli the results obtainctl with Cl. xcelchii (Webb, 1048a), no 
change in morjihology occurred when filaments from 14 hr. cultures of B. 
subtilis, B. mfjeoides and B. zulgatu.<i in the magitesium-deficicnt metlium were 
incubated at 37® either in 0-1 % (w/v) magnesium sulphate, or in autnlyscd 
nonnul cultures of the organisms. On the magnesium-deficient, solid medium 
the aerobic bacilli either failed to grow or grew with difficulty. B. megatherium, 
for example, formed scattered irregular terraced colonics witli raggetl or lobatc 
margins, which were composed of long cells in ch.ains. 

In agreement with the studies of Ilinsliclwowl (lOfiJ) on the growth of Baet. 
laciis aerogenes {Aerohact. aerogenes) the growth temperature had a pronouncetl 
influence on the production of filaments in the liquid medium. Thus, in cultures 
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JMIMAIIY : Magnesium is essential for the normal cell division of bacilli in complex 
edia. Under conditions of magnesium deficiency or magnesium excess, cell division 
inhibited and filamentous cells may be formed. Under the same conditions there is 
I appreciable interference with the division of chromatinic bodies. The magnesium 
quirements of the Gram-positive bacteria are considerably greater than those of 
e Gram-negative bacteria, possibly because the former incorporate magnesium 
to the structure of the Gram complex. 

a previous communication (Webb, 1948 a) it was shown that magnesium was ' 
sential for the normal cell division of Clostridium welchii. In complex media 
ficient in ionic magnesium, CL welchii grew in the form of long filaments, 
lich reverted to cells of normal morphology when subcultured in a medium 
ntaining 0-0015 % {\v/v) magnesium ion. In extending these studies, the 
luence of magnesium on the growth and division of various other species of 
cteria in complex media has been determined. The results, described here, 
ggest that magnesium is essential for the normal cell division of all the ’rod- 
aped bacteria studied, but that fundamental differences exist between tlie 
ignesium requirements of Gram-positive and Gram-negative organisms. 

MATERIAL AND METHODS 

rhe majority of the bacteria studied were obtained from the National 
llection of Type Cultures and are indicated in the text by the N.C.T.C. 1936 
;alogue number following the name of the organism. The remaining cultures 
re from a collection maintained in this department. 

Magnesium analyses were made gravimetrically as previously recorded 
'^ebb, 1948 a). Although these anal5''ses were tedious and required about 2 g. 
f cells for each determination in duplicate, the method was more accurate 
I more reproducible than colorimetric determinations. 

peptone water medium containing 2% (w/v) peptone (Evans Medical 
pplies, London) was made deficient in ionic magnesium by precipitation of 
s element as magnesium ammonium phospliate as previously described 
’ebb, 1948 a). By this means 94% of the total magnesium present in the 
atone was removed and the final medium contained c. O’OOOOS % (w/v) IMg. 
iVhen Mg-deficient liquid media were solidified with agar, the magnesium 
isent in the agar was utilized by bacteria. Ignition of agar (Ward, Blenkinsop 
a Co.) gave 1-34 % ash, which contained 2-65 % magnesium. When magne- 
m, together with other metallic ions (K+, Na+, Ca++, Fe+++, Sn++), was 
noved by electrodialysis at 45°, the agar completely lost its setting properties. 
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Chromobacterium violaceum (No. 2537), Scrratia marcescens {Chromobact. 
prodigiosum) (No. 2302), Proteus vulgaris (No. 401), Escherichia coU commune 
(No. 80), E. coli var. acidilaciici {Bad. acidi laclici, No. 123), Aerobacicr aerogenes 
{Bad. ladis aerogenes), Aerobactcr cloacae {Bad. cloacae. No. 408) and Alcaligcnes 
faecalis {Bad. faecalis alcaligenes. No. 415). Only occasional filamentous cells 
were observed during a minimum of ten subcultures. The only marked change 
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Fig. 1. Diagrammnlic representation of the effect of increasing magnesium concentration 
on the morpljologj* of CloslridUm xcetchii, Cl. tertium, IJacilhu subtilis var, wwtus, 
D. vvlgaltts and 77. mycoidts. 

Fig. 2. Diagrammatic representation of tJ»c fllamentous forms of Clostridium tvelchii, 
Bacillus vulgatus and Scrratia marcescens stained to sliow tiic Imnwcrse cell aTiiU. 


was the increased polysaccharide synthesis in cultures of Ps. pnnticola and 
Aerohacter aerogenes. Tlxc same change was obscrvctl in cultures of Cl. xcclchii 
in thcmagncsimn-deficjcnt medium (Webb, 3948/j), and Shear it Turner (1D43) 
found tliat the addition of magnesium salts to cultures of Scrratia marcescens 
resulted in decreased yields of their ‘hacmorrlmge-producing’ polysaecharidc. 

It would appear, as with the Gram-positive organisms, that magnesium 
stimulated the growth of these Gram-negative organisms; the growth, as 
determined by opacity measurements, was invariably less in the magnesium- 
deficient medium than in the normal 2% peptone metlium. Furthcnnorc, 
Voung, Bcgg & Pentz (1014) have shown that mngnasium is essential for the 
normal growth of E. coli. 

On subculture in mc<lia of greater magnesium concentration these organisms 
grew as long filaments. The concentration of magnesium (O-O.’S-O-l % v,-fv) 
required to induce this clxangc was consjdcnibly less tlmn was the case with 
the Gram-positive bacteria. Indeed, higher magnesium concentrations (0 25, 
0*5 % w/v) often inhibited the growth of the Gram-negative species. In agree- 
ment with this, Ki.shimo (I027)obscn'c<l tjmt Bad. fifphorutn grew as cliains and 
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of Cl: iettium, B. suhiilis var. viscosus and B. mycoides incubated at 18°, the 
growth was poor and was eomposed of many normal cells together with some 
chains and filaments. Better gro^vth occurred in cultures of Cl welcUi, Cl 
tcvtvwKn and B. cmthvcicis at 25 and, in each case, the cells were in long chains. 
At these lower temperatures, where growth was slow, the final stationary 
population appeared to be sharply limited by the magnesium concentration and, 
in consequence, the incidence of cells of abnormal length was decreased. 

The influence of magnesium concentration on the growth of the bacilli was 
strikingly illustrated when Cl welchii, Cl iertium, B. suhtilis var. viscosus, 
B. vulgatus and B. mycoides were cultivated in complex media at 37°. As the 
magnesium concentration was increased from that of the ‘ ammonia precipi- 
tated’ Evans peptone medium, the amount of growth increased visibly, while 
the morphological appearance of the cells changed from filaments to chains and 
then to isolated normal rods. On increasing the concentration further, the 
amount of growth progressively decreased and the normal rods were replaced 
by chains and finally by filaments (Fig. 1). The inhibitory effect of higher 
magnesium concentrations on cell division in particular is in accordance with 
the fact that enzymes activated by metallic ions in low concentrations are also 
inhibited by the same ions when the concentration exceeds a certain limit 
(cf. Clark, 1938). 

Lactobacillus helveticus, L. arabinosus and Kurthia zenkeri; Gram-positive. 
Filamentous forms of Kurthia zenkeri {Zopfius zenkeri, No. 404), Lactobacillus 
helveticus and L. arabinosus were obtained in magnesium-deficient media. 
Magnesium is therefore essential for the normal cell division of these bacteria. 
The magnesium requirements of the lactobacilli were somewhat Jess than those 
of the Gram-positive bacilli and clostridia, since the poor growth in the 
magnesium-deficient medium at 37° was, especially in the case of L. helveticus, 
composed mainly of long chains, and a predominance of filaments was only 
obtained when the cultures were incubated at 40°. Excess magnesium 
(0-05-0-1 % w/v) also inhibited cell division and induced the production of 
filamentous forms. 

Gram-positive and Gram-negative cocci. No abnormal morphology was 
observed in cultures of Staphylococcus citreus (B 9), Staph, albus, Gajfkya 
tetragena {Micrococcus tetragenes. No. 951), Streptococcus pyogenes (No. 2400), 
Strep, faecalis and three Neisseria species in the magnesium-deficient liquid 
medium. Several of these cocci were maintained by subculture for over a year 
in this medium without any variation in size. Furthermore, no changes in 
morphology occurred when the organisms were cultivated in the presence of 
excess magnesium. On the other hand, magnesium was essential for the growth 
of the Gram-positive and Gram-negative cocci, since all the strains studied 
grew with difficulty under the conditions of magnesium deficiency or excess, 
■and on the solid magnesium-deficient medium only Staph, citreus was capable 

of growth. .r j 

Gram-negative rods. In contrast to the Gram-positive rods, better growth and 

normal cell-division occurred in magnesium-deficient cultures at 37° of the 
following strains: Pseudomonas aeruginosa (No. 1999), Ps. prumcola (No. 337 ), 
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ChromobacUrium violaceum (No. 2537), Serratia marcescens {Chro7nobaci. 
prodigiosu7n) (No. 2302), Proteus xntlgaris (No. 401), Escherichia coU couwnaie 
(No. 86), J3. coliyaT.acidilactici {BacLacidi lactici. No. 123), Aerohacter aerogenes 
(Bact. laciis aerogenes), Aerobacter cloacae {Bad. cloacae. No. 408) and Alcaligcnes 
faecalis {Bact, faecalis alcaligcnes, No. 415), Only occasional filamentous colls 
were observed during a.minimum of ten subcultures. The only marked cliange 



Fig. 1. Diagrammatic representation of the effect of jncre.a^ing nmgncsium concentmlion 
on tl>e morj)liolog>’ of Chitri<lium tcrtchii. Cl. (criltim, JJaeillus subtUis ^'a^. viscoms, 
IJ. viitgalus and D. myeoides. 

Fig. 2. Diagrammatic representation of the ninmcntoai forms of Chilrftlium tceMiil, 
Bneillus vulgatiia and Serraiin tnarcescens stained to show* the tn»ns\'CTsc cell w-alU. 


was the increased polysaccfiaridc synthesis in cultures of Ps. jminicola and 
Aerobacter aerogenes. The same change was observed in cultures of CL zcelchii 
in the m.agncsium-dcficicnt medium (Webb, 1048o), nndShc.ar&Tunicr (19J.3) 
found that the addition of magnesium salts to cultures of Serratia marcescens 
resulted in decreased yields of their ‘hncmorrhnge'producing’ polysaccharide. 

It would appear, as with the Gram-positive organisms, that magnesium 
stimulated the growth of these Gram-negative organisms; the growth, as 
determined by opacity measurements, was invariably less in the magnesium- 
dcficicnt medium than in the normal 2 % peptone medium. Furthermore, 
Young, 13cgg & Pentz (1914) have shown that magnesium is essential for the 
nonnal growth of E, coli. 

On subculture in media of greater magnesium concentration these organisms 
grew as long filaments. The concentration of magnesium (0'05-0-1% w/v) 
required to induce this change was considerably less limn was the ease uith 
the Gram-positive bacteria. Indeed, higher magnesium concentration-s (0-25, 
0*5 % ■"■/'’) often iniiibitcd the growth of the Gram-negative species. In ngrcc- 
ment with this, Kishimo (1927)obscn’cd tluit Bad. ft/phosum grew as cimins and 
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filaments in a chemically defined medium containing 1 % magnesium sulphate 
while in 2 % peptone water containing magnesium the organism formed long 
chains. These morphological variations were not produced by other salts such 
as K2HPO4, ammonium lactate, CaClg and NaCl. 

Division of filaments of Ps. pruhicola and Serratia marcescens from cultures 
in the complex medium containing 0-05 % (w/v) Mg++ could not be induced by 
incubating the washed cells suspended in sterile saline at 37°. 

From these results it was concluded that magnesium was equally essential 
for the normal cell division of the Gram-negative rods, but the critical concen- 
trations were lower than those required by the Gram-positive bacteria. Studies 
of Cl. welchii and other Gram-positive organisms (Henry & Stacey, 1946) 
showed that the surface complex responsible for the Gram stain contains 
magnesium ribonucleate, and that this complex is absent from the Gram- 
negative bacteria. The Gram complex removed from CL welchii by extraction 
with sodium cholate contained 3-2% Mg++, whereas the residual Gram- 
negative cytoskeletons contained 0-1 % Mg++ (Henry, Stacey & Teece, 1945). 
From these results it is calculated that about 70 % of the total magnesium 
present in Cl, welchii (0'35 %, Webb, 1948 a) is actually in the Gram complex. 
Thus if magnesium fulfils the dual role of a structural element and an enzyme 
activator in Gram-positive organisms, whereas in Gram-negative organisms it 
functions as an enzyme activator only, it is obvious that the magnesium 
requirements of Gram-negative bacteria will be considerably less than the 
requirements of Gram-positives. 

The analysis (Table 2) of cells harvested from a peptone water medium of 
constant composition shows that, of the bacteria examined, the Gram-positive 
bacteria contained a higher percentage of magnesium than did the Gram- 
negative cells. Furthermore, when the bacterial cells were killed by heat under 
the conditions previously described (Webb, 19486), dialysed against running 
tap water for 48 hr. and then slowly passed through a column of mixed 
ion-exchange resins (De-acidite C and ZeoKarb H.I.P. in the ratio 6:1) the 
Gram-positive cells retained a percentage of their magnesium, whereas with 
one exception, the Gram-negative cells retained none (Table 2). This result was 
not an artefact due to the greater magnesium concentration of Gram-positive 
cells, because the suspension of micrococci (T 38) was passed twice through the 
ion-exchange resin column before analysis. In these experiments, killed cells 
were used in order to avoid autolytic changes during dialysis. With certain 
Gram-positive bacteria, such as Cl. welchii and L. plantarivm, there was a 
marked tendency for the cells to become Gram-negative when killed by heat 
unless the previously described precautions were observed. The magnesium of 
those cells which became Gram-negative by extraction with sodium cholate was 
completely removed by the ion-exchange resins (Table 2). 

From these results it is concluded that magnesium is more tenaciously 
bound in Gram-positive than in Gram-negative bacteria. Although this bound 
magnesium does not correspond to the total magnesium of the Gram complex, 
it appears to be held by the complex, since magnesium is readily removed from 
the Gram-negative forms of Cl. welchii. 
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Table 2. The. removal of magnesitun [and other ions) from hilled Gram-positivc 
and Grayn-negative bacteria by mixed ion-exchange resins 


• 

Ash (percentage of 
drj’ ^vt. of cells) 

Mg+‘*’ (percentage of 
drj’ 'wt. of cells) 

Organism 

Normal 

cells 

Cells passed 
(hrough ion- 
exchange resins 

Normal 

cells 

Cells passed 
tlirougti ion- 
exchange rosins 

Gram-positive 

CL tcelcbii 

73* 

2-0* 

0 33* 

002 

Micrococats (T 28) 

8 ‘23 

3*33 

0-72 

0037 

B. sublilis 

0-8 



0 70 


L. plantarum 

C‘3 

3*X 

003 

0 03 

Strept. faccatis 

7-5 

3-4 

0*08 

0031 

Gram-negative 

Chromohacl. uio/aceiim 

5*20 

21 

0 20 

Nil 

AcrobacU cloacae 

COS 

3*00 

0 25 

ooto 

Aerohact. aerogertes 


317 

0 01* 

Nil 

Ps. afritgimsa 

7-20 

5-1 

0 17 

Nil 

Ps. prunicola 

30 

1*4 

0 000 

Nil 

Cl. tcclehii rendered Gram- 



1*8 

Olt 

Nil 

negative by extraction >\itl» 

2 % sodium cholatc 

• Webb (10480). 

f Henry, Slnecy & Teeec (10J3). 


Application of specific staining methods 
Filaments of CL tcclchii, Cl. teHiuni and B. polyniijxa from cultures in 
niagncslum-dcficicnt media, and filaments of Ps. prunicola and Serratin 
mnrcescens from cultures in media containing excess magnesium, were stained 
by Robinow’s (1944) HCl-Giemsa method. They showed chromntinic bo<lics 
regularly spaced throughout the cytoplasm. Such cultures were ‘oI(r(3 2-14 hr.) 
in the sense employed by Robinow, since it was considered imporUint to 
distinguish filaments pro(lucc<l under these conditions and the shorter fila- 
n^entous cells wliich arc normally obscrveil during the early phases of active 
grou’th of the rod-shaped bacilli (cf. Clark & Ruclil, 1022). When stained hy 
Robinow’s tannic acid-crystal violet method, transverse eel! walls were 
observed. In some eases, these were regularly sjrnccd along the filament. In 
others, only a few transverse septa were observed (Fig. 2) whicli divided the 
filaments into sections of difTcrent lengths containing varying numbers of 
chromatinic stnicturcs (cf. Klicncbcrgcr-Xohcl, 1941). 


DISCUSSION 

From the obscr\*ations dcscribctl here, it is concludctl that the mechanism of 
cell division is the same in the Gram-positive and Gram-negative rod-slmpctl 
bacteria, and requires magnesium for its normal function. Tlic dincrcnccs 
between the magnesium requirements of the Gram-positive and Gram-negative 
organisms is attributctl to the fact that the former also require magnesium for 
the formation of the Gram complex. 
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The stage in division which requires magnesium remains to be determined. 
It appears that magnesium is not essential for the division of the chromatinic 
bodies, for these structures are regularly distributed throughout the length of 
filamentous cells. If these chromatinic bodies represent true nuclei, then cell 
division, in the sense of the complete fission of the bacterial cell, is not a necessary 
consequence of nuclear division. Robinow (1945) has already shown that the 
onset of cell division in the rod-shaped bacteria is not related to any particular 
stage in the division of the chromatinic bodies. Magnesium does not appear to 
be primarily concerned with the formation of transverse cell-walls, since the 
process is only partially inhibited by magnesium deficiency or magnesium 
excess. The fact that the Gram-positive bacilli change from filaments to chains 
as the magnesium content of the medium increases towards the concentration 
optimal for normal cell division (Fig, 1), suggests that magnesium is involved 
at a stage in division between the splitting of a transverse cell-wall and the 
separation of the daughter cells. 

The fragmentation of filamentous cells resulting either from magnesium 
deficiency or magnesium excess, was not observed in cultures and could not be 
induced artificially. In this respect, these filamentous cells differ from the 
shorter filaments which are observed in cultures of rod-shaped organisms during 
the early phase of active growth and which do subsequently divide. 

The cell division of the Gram-positive and Gram-negative cocci differs from 
that of the rod-shaped organisms, since conditions of either magnesium deficiency 
or magnesium excess, although markedly inhibitory to growth, fail to produce 
any changes in the morphology of micrococci, sarcinae and neisseria. The 
streptococci examined here did not show any changes in morphology, although 
Bisset (1948) has observed filamentous cells in streptococcal cultures. 

Presumably either many metabolic activities occur at the surface of the 
bacterial cell, or the material essential for growth must diffuse through the 
cell surface. Consequently, a limitation will be imposed upon the size of a 
bacterial cell by the surface/volume (iS/F) relationship, since, in general, as the 
size of an organism increases, SjV and, therefore, metabolism per unit volume, 
decreases. For a spherical coccus, S/V-Sjr, where r is the radius of the cell, 
and for a cylindrical ‘square-ended’ bacillus SIV—3jd+2/l, where d is the 
diameter and I the length of the organism. When bacilli grow in the form of 
filaments, as I increases d tends to decrease (cf. Webb, 1948 o). Hence it 
follows that, in so far as such calculations are justified, any change in the 
dimensions of a cell will be of greater significance in the case of a coccus than 
a bacillus. Such reasoning may, in part at least, explain the fact that magnesium 
deficiency or magnesium excess predominantly influences the growth, and not 
the morphology, of the cocci. 

Thanks are due to Professor M. Stacey for his interest in this %vork and to the 
Medical Research Council for a grant in aid of the expenses. 
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The Influence of Magnesium on Cell Division 

3, The Effect of Magnesium on the Growth of Bacteria in Simple 
Chemically Defined Media 

By M. WEBB 

Chemistry Department, The University, Edgbaston, Birmingham 

SUMMARY: In simple chemically defined media all of 15 bacteria failed to grow in 
the complete absence of magnesium. The concentration of magnesiinn for maximum 
groYdh was dependent upon the Gram reaction of the individual species examined, 
the magnesium requirements of the Gram-positive organisms being some ten times 
greater than the requirements of the Gram-negative organisms. In contrast to the 
observations made in more complex media (peptone water), normal cell dmsion 
occurred in chemically defined media containing suboptimal amounts of magnesium. 
It is suggested that magnesium is involved in the synthesis of bacterial protoplasm 
as well as cell division and, in simple chemically defined media, the synthetic 
reactions require the liigher magnesium concentration. 

It has been shown (Webb, 1949) that magnesium is essential for the normal 
cell division of the rod-shaped baeteria growing in a peptone water medium, 
and that it also stimulates the growth of these organisms. The Gram-positive 
bacteria examined required a greater magnesium concentration for normal 
growth and cell division than did the Gram-negative bacteria. In an attempt 
to interpret these results quantitatively, a study was made of the effect of 
magnesium on the growth of bacteria in simple chemically defined media. The 
bacteria studied *'hose capable of growth in a mi.xture of salts and carbon 
compounds, all ' . ould be obtained free from magnesium. The presence 

f of ir some of the components of the media probably 
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repeatedly washed in the distilled water. Pyrex glassware was used throughout, 
since media stored in soft glass vessels apparently dissolved magnesium from 
the glass. 

The ‘Analar’ salts, glucose and glycerol used in the preparation of the media 
contained no detectable magnesium. Asparagine, used in place of aspartic acid 
in ICoser & Rettger's (1919) medium, contained some inorganic salts whicli 
proved difficult to remove. However, neither magnesium nor manganese could 
be detected in the ash ( = 5% of the asparagine preparation). In order to 
minimize the precipitation which occurs in simple chemically defined media, 
the phosphate solutions required were sterilized separately and added to the 
main bulk of the medium when cold. 

To avoid the transfer with the inoculum of sufficient magnesium for growth 
and to adapt the organism to the medium, subcultures were made from stock 
into the defined medium containing no magnesium and incubated for 24 hr. 
Serial subcultures were then made into the same medium every 24 hr. until the 
final subculture failed to grow. Each tube of the e.vpcrimental scries was then 
inoculated with 0*01 ml. of the penultimate culture of this series of subcultures 
in the Hg-deficient medium. The latter tubes were incubated at the optimum 
growth temperature until a stationary stale was established. The amount of 
growth was then measured turbidimctrically by means of tJic Spekker adsorp- 
tion photometer after the addition of 0*1 ml. of IOn-HCI, Control experiments 
showed that with a uniform suspension of cells (Aerobacier aerogencs) the 
readings of the instrument below 1*0 were proportional to the number of cells. 

EXPEUnnSNTAL 

The influence of the magnesium concentration on the growth of those species 
examined which were able to grow in simple chemically defined media is 
shown in Figs. 1-7. 

Owing to the thick pellicles formed by Bacillus vul^nlus and Mycobacterium 
tuberculosis, the influence of magnesium was assessed qualitatively. B. imliiatus 
grown for 48 hr. in Koscr &: Rctlgcr’s (1919) medium showed the following 
relative amounts of pellicle at the respective Mg concentrations (in p.p.rn.) 
indicated: — , 0; -f-, 5; ++) 10; •!• + +, 20, 40 and 50; -p, 100; where 
.^, 4 . 4 . = thick pellicle, + + e=mo<lcratc pcIHclc, + =thin film of growtli, and 
— =no growth. Similarly, M. tuberculosis, liuman (a virulent laboratory 
strain), was groNm for 8 daj’s at S7° m Long medium (Long Sz Seibert, 1920), 
Ibc inoculum being, per tube, a 2 mm. square piece of 8 -day pellicle gro\\'n on 
the same medium with Mg at 0 0005% (w/v), Tlic relative nmounl-s of growth 
at the respective Mg concentrations (in p.p.m.) were: —,0; -P+.S; •f-i--}-,50, 
100and200; -f +,400; +, 500; where + + + “surface covered, + + “surface 
I covered, + “surface J covered, and — =no growth. 

AH the bacteria examined failed to grow in tlic complete absence of 
magnesium. These results arc in accordance with the findings of Robinson 
(1932) with Ps. pyocyanrus [Ps. am/gmoia) and of Ix>ckcmann (1910), Frouin 
Sz Guillaiimic (1928) and Model (1929) with M. tuberculosis in chemically 
definctl media. 
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The Influence of Magnesium on Cell Division 

3. The Effect of Magnesium on the Growth of Bacteria in Simple 
Chemically Defined Media 

By M. WEBB 

Chemistry Department, The University, Edgbaston, Birmingham 


SUMMARY : In simple chemically defined media all of 15 bacteria failed to grow in 
the complete absence of magnesium. The concentration of magnesium for maximum 
groYd;h was dependent upon the Gram reaction of the individual species examined, 
the magnesium requirements of the Gram-positive organisms being some ten times 
greater than the requirements of the Gram-negative organisms. In contrast to the 
observations made in more complex media (peptone water), normal cell division 
occurred in chemically defined media containing suboptimal amounts of magnesium. 
It is suggested that magnesium is involved in the synthesis of bacterial protoplasm 
as well as cell division and, in simple chemically defined media, the synthetic 
reactions require the lugher magnesium concentration. 

It has been shown (Webb, 1949) that magnesium is essential for the normal 
cell division of the rod-shaped bacteria growing in a peptone water medium, 
and that it also stimulates the growth of these organisms. The Gram-positive 
bacteria examined required a greater magnesium eoneentration for normal 
growth and cell division than did the Gram-negative bacteria. In an attempt 
to interpret these results quantitatively, a study was made of the effect of 
magnesium on the growth of bacteria in simple chemically defined media. The 
bacteria studied were those capable of growth in a mixture of salts and carbon 
compounds, all of which could be obtained free from magnesium. The presence 
of traces of magnesium in some of the components of the media probably 
explains the conflicting results obtained by earlier workers in this field (see 
Knight (1936) for a review). Studies by Lodge & Hinshelwood (1939) on the 
growth of Bact. lactis aerogenes {Aerobact. aerogenes) in a chemically defined 
medium composed of pure salts and glucose, showed that small inocula would 
not grow in the absence of magnesium. For a given inoculum there was 
a limiting magnesium concentration, 1-20 parts per million (p.p.m.) according 
to the conditions of the experiments, below which no growth occurred and 
above which growth occurred normally. Moreover, the final population and, to 
Tfirst approximation, the rate of growth was independent of the active amount 

“'nteTeiTt t “Lia studied failed to gtow in the complete 

absence of magnesinn,, but. in contrast to the results of Mgc & Hmshehvood 
msTmaximum growth occurred at a certain optimal magnes.um concen. 
Mtion, and this optimum varied aceordmg to the Gram-staming reaction o 

the organism. jSIATERIALS AND METHODS 

water used 

Sliom'itsSphric acid mixture, rinsed in sodium bicarbonate solution and then 
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repeatedly washed in the distilled water. Pyrex glassware was used throughout, 
since media stored in soft glass vessels apparently dissolved magnesium from 
the glass. 

The ‘Analar’ salts, glucose and glycerol used in the preparation of the media 
contained no detectable magnesium. Asparagine, used in place of aspartic acid 
in ICoser & Rettger’s (1919) medium, contained some inorganic salts which 
proved difficult to remove. However, neither magnesium nor manganese could 
be detected in the ash ( = 5% of the asparagine preparation). In oitlcr to 
minimize the precipitation which occurs in simple chemically defined media, 
the phosphate solutions required were sterilized separately and added to the 
main bulk of the medium when cold. 

To avoid the transfer witli the inoculum of sufficient magnesium for growth 
and to adapt the organism to the medium, subcultures were made from stock 
into the defined medium containing no magnesium and incubated for 24 hr. 
Serial subcultures were then made into the same medium every 2-t hr. until the 
final subculture failed to grow. Each tube of the experimental scries was then 
inoculated with O-Ol ml. of the penultimate culture of this series of subcultures 
in the I\Ig-deficient medium. The latter tubes were incubated at the optimum 
growth temperature until a stationary state was established. The amount of 
growth was then measured turbidimetrically by means of the Spekker adsorp- 
tion pliotomcter after the addition of O-l ml. of JOk-IICI. Control experiments 
showed that with a uniform suspension of cells {/lerohacter acrogenes) the 
readings of tlie instrument below 1*0 were proportional to the number of cells. 

EXPERniENTAL 

The influence of the magnesium concentration on the growth of those sj)ocic.s 
examined which were able to grow in simple chemically clcfinwl media is 
shown in Figs, 1-7. 

Owing to the thick pellicles formed by Bacillus vulgatus and Mycobacterium 
tuberculosis, the influence of magnesium was assessed qualitatively. B. tmlgatus 
grown for 48 hr. in Koscr & Rettger’s (1919) medium showed the following 
relative amounts of pellicle at the respective Mg concentrations (in p.p.m.) 
indicated: 0; +, 5; ++, 10; -P-f-i-, 20, 40 and 50; +, 100; where 

+ + -f sstliick pellicle, + -f =niodcratc pclIicIc, 4- =thin film of growtli, and 
— =no growth. Similarly, -1/. tuberculosis, human (a virulent lahoralorj* 
strain), was grown for 8 days at 07* in Long medium (Long & Scil>crt, 1920), 
the inoculum being, per tube, a 2 mm. square piece of 8-day pellicle grown on 
the same metlium with Mg at 0-0005% (w/v). Tlic relative amounts of growth 
at the respective Mg concentrations (in p.p.m.) were: — ,0; +-f,5; -r4*-f,50, 
100nnd200; -h+,400; +, 500; where -f -f -r ^surface covered, +-f ^surface 
j covered, -f ^surface J covered, and — =no growtli. 

AH the bacteria examined failed to grow in the complete absence of 
magnesium. These results arc in accordance witli the rinding^ of Robinson 
(1932) with Ps. pyocyauais (Ps. aeruginosa) and of l/ockcmnnn (1919), Frouin 
& Guillaumic (1928) and Model (1929) willi .1/. tub^eulosis in chcmic.ally 
defined media. 
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The Influence of Magnesium on Cell Division 

3. The Effect of Magnesium on the Growth of Bacteria in Simple 
Chemically Defined Media 

By M. WEBB 

Chemistry Department, The University, Edgbaston, Birmingham 


SUMMARY : In simple chemically defined media all of 15 bacteria failed to grow in 
the complete absence of magnesium. The concentration of magnesium for maximum 
groMi;!! was dependent upon the Gram reaction of the individual species examined, 
the magnesium requirements of the Gram-positive organisms being some ten times 
greater than the requirements of the Gram-negative organisms. In contrast to the 
observations made in more complex media (peptone water), normal cell division 
occurred in chemically defined media containing suboptimal amounts of magnesium. 
It is suggested that magnesium is involved in the synthesis of bacterial protoplasm 
as well as cell division and, in simple chemically defined media, the synthetic 
reactions require the higher magnesium concentration. 


It has been shown (Webb, 1949) that magnesium is essential for the normal 
cell division of the rod-shaped bacteria growing in a peptone water medium, 
and that it also stimulates the growth of these organisms. The Gram-positive 
bacteria examined required a greater magnesium concentration for normal 


growth and cell division than did the Gram-negative bacteria. In an attempt 
to interpret these results quantitatively, a study was made of the effect of 
magnesium on the growth of bacteria in simple chemically defined media. The 
bacteria studied were those capable of growth in a mixture of salts and carbon 
compounds, all of which could be obtained free from magnesium. The presence 
of traces of magnesium in some of the components of the media probably 
explains the conflicting results obtained by earlier workers in this field (see 
Knight (1936) for a review). Studies by Lodge & Hinshelwood (1939) on the 
growth of Bact. lactis aerogenes {Aerobact. aerogenes) in a chemically defined 
Ldium composed of pure salts and glucose, showed that small inocula would 
not grow in the absence of magnesium. For a given inoculum there was 
a limiting magnesium concentration, 1-20 parts per million (p.p.m.) accordmg 
to the conditLs of the experiments, below which no growth occurred and 
above which growth occurred normally. Moreover, the final population and, to 
ffirsLpproJmation, the rate of growth was independent of the active amount 

prelTt rrt r/l S: bTetia studied failed to grow in the complete 
In the contrast to the results of Lodge & Hinshelwood 

rS" maxTmL growth occurred at a certain optimal magnesium concen- 
Sn” ftis optimum varied according to the Gram.sta.nmg reaefon of 


the organism. MATERIALS AND METHODS 

4 -w tbP nrenaration of media was twice distilled in a Pyrex glass 
Water use ^ (jistflled immediately before use. Test-tubes were cleaned m 
etorfitSpLie acid mixture, rinsed in sodium bicarbonate solution and then 
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repeatedly washed in the distilled water. Pjrrcx glassware was used throughout, 
since media stored in soft glass vessels apparently dissolved magnesium from 
the glass. 

The ‘Analar* salts, glucose and glyeerol used in the preparation of the media 
contained no detectable magnesium. Asparagine, used in place of aspartic acid 
in Koser & Rettger’s (1919) medium, contained some inorganic salts which 
proved difficult to remove. However, neither magnesium nor manganese could 
be detected in the ash (s5% of the asparagine preparation). In order to 
minimize the precipitation which occurs in simple chemically defined media, 
the phosphate solutions required were sterilized separately and added to tlic 
main bulk of the medium when cold. 

To avoid the transfer with the inoculum of sufiicient magnesium for growth 
and to adapt the organism to the medium, subcultures were made from stock 
into the defined medium containing no magnesium and incubated for 24 hr. 
Serial subcultures were then made into the same medium every 21 hr. until the 
final subculture failed to grow. Each tube of the experimental series was then 
inoculated with 0*01 ml. of the penultimate culture of this series of subcultures 
in the Mg-deficient medium. The latter tubes were incubated at the optimum 
growth temperature until a stationary state was established. The amount of 
growth was then measured turbidimctrically by means of tlic Spekker adsorp- 
tion photometer after the addition of 0*1 ml. of lOx-HCl. Control experiments 
showed that with a uniform suspension of cells {Acrohacicr anogencs) the 
readings of the instrument below 1«0 were proportional to the number of cells. 

EXTERUIENT/VL 

The influence of the magnesium concentration on the growth of those species 
examined which were able to grow in simple chemically defined media is 
shown in Figs. 1-7. 

Owing to the thick pellicles formed by Bacillus vulgaius and Mucohacterinm 
tuherculosis, the influence of magnesium was assessed qualitatively. 2?. vulgaius 
grown for 48 hr, in Koser & Rettger’s (1910) medium showed the following 
relative amounts of pellicle at the respective .Mg concentrations (in p.p.?n.) 
indicated: — , 0; +, 5; ++, 10; + + +, 20, 40 and 50; +, 100; where 
+ + -{- = thick pellicle, + + = moderate pellicle, -f =sthin film of growth, and 
— =no growth. Similarly, .11. fiitcrcufosis, human (a vinilcnl laboratory 
strain), was grown for S days at 37® in Long medium (Long A: Seibert, 102G). 
the inoculum being, per tube, a 2 mm. square piece of S-day pellicle grown on 
the same medium with Mg at 0 0005% (w/v). The relative amounts of growtli 
at the respective Mg concentrations (in p.p.m.) were : - , 0 ; -h + , 5 ; + -f , .'>0, 
100nnd200; ++,400; +, 500; where + + + '=surfacc covered, + + «surfncc 
§ covered, + «=surfncc J covered, and — «no growth. 

All the bacteria cxamiiuxl failed to grow m the complete absence of 
magnesium. These results arc in accordance mtli the findings of Robinson 
(1932) with Ps. pi/ocyanrw* {Ps. aeruginosa) and of Lockemaim (1919), Frouin 
A Guillaumic (1928) and Model (1929) with .1/. fubnculotix in chemically 
defined media. 
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iIIMARY : In simple chemically defined media all of 15 bacteria failed to grow in 
complete absence of magnesium. The concentration of magnesium for maximum 
Adh Avas dependent upon the Gram reaction of the individual species examined, 
magnesium requirements of the Gram-positive organisms being some ten times 
iter than the requirements of the Gram-negative organisms. In contrast to the 
;rvations made in more complex media (peptone AA’ater), normal cell division 
irred in chemically defined media containing suboptimal amounts of magnesium, 
i suggested that magnesium is involved in the synthesis of bacterial protoplasm 
veil as cell division and, in simple chemically defined media, the synthetic 
tions require the higher magnesium concentration. 


las been shown (Webb, 1949) that magnesium is essential for the normal 
division of the rod-shaped bacteria growing in a peptone Avater medium, 
that it also stimulates the growth of these organisms. The Gram-positive 
teria examined required a greater magnesium concentration for normal 
,vth and cell division than did the Gram-negative bacteria. In an attempt 
nterpret these results quantitatively, a study Avas made of the effect of 
rnesium on the groAvth of bacteria in simple chemically defined media. The 
teria studied Avere those capable of groAvth in a mixture of salts and carbon 
ipounds, all of Avhich could be obtained free from magnesium. The presence 
■races of magnesium in some of the components of the media probably 
lains the conflicting results obtained by earlier Avorkers in this field (see 
ght (1936) for a review). Studies by Lodge & Hinshehvood (1939) on the 
ivth of Bact. lactis aerogenes {Aeroiact. aerogenes) in a chemically defined 
Hum composed of pure salts and glucose, shoAved that small inocula Avould 
grow in the absence of magnesium. For a given inoculum there Avas 
siting magnesium concentration, 1-20 parts per million (p.p.m.) aeeordmg 
-he conditions of the experiments, below Avhich no growth occurred and 
ve which growth occurred normally. Moreover, the final population and, to 
'st Ipproximation, the rate of groAvth Avas independent of the active amount 

XpreTeit te “.ia studied failed to grow in the complete 

ofmagnesium, but, in contrast to the results of ^dge & H.nshehvood 
sTmaximL growth occurred at a certain optimal mapesium couceu- 
don arf^his optimum varied according to the Gram-stain, „g reaction of 
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repeatedly washed in the distilled water. Pjtcx glassware was used throughout, 
since media stored in soft glass vessels apparently dissolved magnesium from 
the glass. 

The *Analar’ salts, glucose and gl 5 ’cerol used in the preparation of the media 
contained no detectable magnesium. Asparagine, used in place of aspartic acid 
in Koser & Rettger’s (1919) medium, contained some inorganic salts which 
proved difficult to remove. However, neither magnesium nor manganese could 
be detected in the ash ( = 5% of the asparagine preparation). In order to 
minimize the precipitation which occurs in simple chemically defined media, 
the phosphate solutions required were sterilized separately and added to the 
main bulk of the medium when cold. 

To avoid the transfer with the inoculum of sufficient magnesium for growth 
and to adapt the organism to the medium, subcultures were made from stock 
into the defined medium containing no magnesium and incubated for 24 hr. 
Serial subcultures were then made into the same medium every 24 hr. until the 
final subculture failed to grow. Each tube of the experimental scries was then 
inoculated with 0*01 ml. of the penultimate culture of this scries of subcultures 
in the l\Ig-dcficicnt medium. The latter tubes were incubated at the optimum 
growth temperature until a stationary state was established. Tlic amount of 
growth was then measured turbidimctrically by means of the Spekker adsorp- 
tion photometer after the addition of 0*1 ml. of lOs-HCl. Control experiments 
showed that with a uniform stispension of cells {AcTohacter aerogenes) the 
readings of the instrument below 1*0 were proportional to the number of cells. 

EXPERIMENT^VR 

The influence of the magnesium concentration on the growtli of tliose species 
c.\amincd which were able to grow in simple chemically defined media is 
shown in Figs. 1-7. 

Owing to the thick pellicles formed by Bacillus vulgatus and Mt/cohacterwm 
tuberculosis^ the influence of magnesium was assessed qualitatively. B, vulgatus 
grown for 48 hr. in Koser Rettger’s (1019) medium showed the following 
relative amounts of pellicle at the respective Mg concentrations (in p.p.m.) 
indicated: — , 0; +, 5; ++, 10; + + +, 20, 40 and 50; -f, 100; where 
+ + + =1 thick pellicle, + -f- =moderatc pellicle, =thin film of growth, and 
— =no growth. Similarly, .1/. iubcrctilosis, human (n virulent labonitory 
strain), was grown for 8 dav's at 37® in Long medium (Long & Seibert, 1920), 
the inoculum being, per tube, a 2 mm. square piece of 8-day pellicle grown on 
the same mc<lium with Mg at 0 0005 % (w/v). The relative amounts of growth 
at the respective Mg concentrations (in p.p.m.) were: — ,0; ++,5; a-4..f^50, 
100 and 200; + -h, 400; -I-, 500; where -f- -f -I- «= surface covered, + ^surface 
S covered, + = surface \ covcrc<l, and — s=no growth. 

.{VJl the bacteria c.\amincd failed to grow in the complete absence of 
magnesium. Tlicsc results arc in accordance with the findings of Robinson 
(1932) with Ps. pyocijatieus {Ps. aerttginosa) and of Ix>ckcmann (1919), Frouin 
it Guillaumic (1928) and Slodcl (1929) with M, tuberculosis in chemically 
defined mc<lia. 
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The Influence of Magnesium on Cell Division 

3. The Effect of Magnesium on the Growth of Bacteria in Simple 
Chemically Defined Media 

By M. WEBB 

Chemistry Department, The University, Edgbaston, Birmingham 

SU]\IMAIIY : In simple chemically defined media all of 15 bacteria failed to grow in 
the complete absence of magnesium. The concentration of magnesium for maximum 
groirth was dependent upon the Gram reaction of the individual species examined 
the magnesium requirements of the Gram-positive organisms being some ten times 
greater than the requirements of the Gram-negative organisms. In contrast to the 
observations made in more complex media (peptone water), normal cell division 
occurred in chemically defined media containing suboptimal amounts of magnesium. 
It is suggested that magnesium is involved in the synthesis of bacterial protoplasm 
as well as cell division and, in simple chemically defined media, the synthetic 
reactions require the liigher magnesium concentration. 

It has been shown (Webb, 1949) that magnesium is essential for the normal 
cell division of the rod-shaped bacteria growing in a peptone water medium, 
and that it also stimulates the growth of these organisms. The Gram-positive 
bacteria examined required a greater magnesium concentration for normal 
growth and cell division than did the Gram-negative bacteria. In an attempt 
to interpret these results quantitatively, a study was made of the effect of 
magnesium on the growth of bacteria in simple chemically defined media. Tlie 
bacteria studied were those capable of growth in a mixture of salts and carbon 
compounds, all of which could be obtained free from magnesium. The presence 
of traces of magnesium in some of the components of the media probably 
explains the conflicting results obtained by earlier workers in this field (see 
Knight (1936) for a review). Studies by Lodge & Hinshelwood (1939) on the 
growth of Bact. lactis aerogenes {Aerobact. aerogenes) in a chemically defined 
medium composed of pure salts and glucose, showed that small inocula would 
not grow in the absence of magnesium. For a given inoculum there was 
a limiting magnesium concentration, 1-20 parts per million (p.p.m.) according 
to the conditions of the experiments, below which no growth occurred and 
above which growth occurred normally. Moreover, the final population and, to 
a first approximation, the rate of growth was independent of the active amount 
of magnesium in excess of the limit. 

In the present work, all the bacteria studied failed to grow in the complete 
absence of magnesium, but, in contrast to the results of Lodge & Hinshelwood 
(1939) maximum growth occurred at a certain optimal magnesium concen- 
tration, and this optimum varied according to the Gram-staining reaction of 

the organism. I^IATERIALS AND JIETHODS 

Water used in the preparation of media was twice distilled in a Pyrex glass 
.till and then redistilled immediately before use. Test-tubes were cleaned in 
chromic-sulphuric acid mixture, rinsed in sodium bicarbonate solution and then 
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bacteria grew as filaments in the chemically defined media containing sub- 
optimal amounts of magnesium. Only in cultures of certain Gram-negative 
bacteria (e.g. Ps. prunicola, Aerohact, aerogenes) in medio containing the higher 
magnesium concentrations used (8-10 p.p.m.) were filamentous cells observed. 



Mj jneilum concentration (p.p.m.) Mjjneilum concentration (p p m.) 

Fig. 8 



Fig. 2. Effect of m.tgneslum on the growth of Pseitdomonas aenipinosa (• — •} i\nd Vs. 

pTunicoIa (0—0) (Erikson’s (ID 12) medium). 

Fig. 3. Effect of magnesium on the growtit of .rl/cn/jgencs fnecalii (•— #) nnd i-'seheriehia 
nli'Commtine (O — O) (Eo*«:r & UettgeFs (IDIO) medium). 

Fig. .t. Effect of magncsitim on the growUi of ^ierdacier ocropentj. Q — O medium of 
I^ge k Ilinshelwood (1039). pU 4 7. (T)— © mc<liun) oflxKjge A. Ilin^hclwood (1039). 
pU C'5. medium of Koscr fc Ilettger (1010). pll C-8. 

Fig. 5. Effect of magncsitim on lljc growth of v^t<T0&nr.'er eftmeoe (•—#), Ktch. coli \'Rr. 
aeidilndiei (•---•) and Chrvtnobact. riaJacfum (O — O) in Koscr A: llcttger’s (1010) 
medium. 

On increa.sing further the magnesium concentration the incidence of filaments 
was increased. Thus cultures of Ps. 7>ni«icola in Eriksoii’s (1915) medium 
containing 0*5 % (w/v) Mg grew as tanglctl filaments nnd microscopic exami- 
nation failctl to reveal any single .short cells. In contrast, filaments srerc ncs'cr 
obscrs'cd with the Gram-positive species examined in cultures containing 
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Cultures of Ps. prunicola and Serratia marcescens in media containing sub- 
optimal amounts of magnesium were characterized by increased polysaccharide 
synthesis as indicated by the high viscosity of the cultures 
In oontoast, magnesium appeared to be eompletely unessential for the 
growth of certain strains of soil actinomyces and of ThiobacUlus thiooxidans. 
These orpnisms continued to grow in the absence of magnesium after 20 sub- 
cultiwes m chemically defined media prepared according to Conn & Conn (1941) 
and Waksman (1922), respectively. ' ' 



Fig. 1. Effect of magnesium on the growth of Azotobacter chroococcum 
(Burk’s (1930) medium). 


The curves relating magnesium concentration to the mass of growth of 
various organisms (Figs. 1-7) differ from those obtained bj’ Lodge & Hinshel- 
wood (1939) for Aerobact. aerogenes. Under the present experimental conditions, 
Aerobact. aerogenes attained maximal growth in two different media wlien the 
magnesium concentration was of the order of 2-3 p.p.m. Only when the initial 
pH value of the medium was low (pH 4-7) was the amount of growth apparently 
independent of the magnesium concentration (Fig. 4). However, in this case, 
growth was limited by the final pH of the medium, since all cultures covering 
the range of magnesium concentration had a final constant pH value (pH 
3-46-3-53). Furthermore, when the medium was initially adjusted to pH 3-4, 
Aerobact. aerogenes failed to grow, irrespective of the magnesium concentration. 

Certain of the bacteria studied (e.g. Serratia marcescens, Aerobact. aerogenes) 
grew in media in which the only inorganic cations were K and Mg (together with 
ammonia as nitrogen source). Similarly, Katznelson (1947) has shown that K, 
Mg and P are the only inorganic elements necessary for the gro-wth of B. poly- 
myxa in a defined medium. The presence in the Analar salts of other functionally 
active metallic ions such as, for example, Fe, in concentrations sufficient for 
growth cannot, however, be excluded (cf. Waring & Workman, 1943). 

In the present experiments neither Gram-positive nor Gram-negative 
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bacteria grew as filaments in the chemically defined media containing snb- 
optimal amounts of magnesium. Only in cultures of certain Gram-negative 
bacteria (e.g. Ps. pnmicola, AerobacL aerogcnes) in media containing the higher 
magnesium concentrations used (8-10 p.p.m.) were filamentous cells obscr\'ed. 




Fig* 2 Fig. a 




Fig. 4 Fig. 5 

Fig. 2. Effect of mngnesium on the gro>% 1 h of Pseudomonas aeruginosa (• — •) ami Ps. 
prunieola (O — O) (Erikson’s (1045) mediuin). 

Fig. 3. Effect of magnesium on the growth of AtcaUgenes farcaJis (• — •) and PscheriMa 
eoli-eommune (0“0) (Koscr &■ llettgcr's (1010) medium). 

Fig. 4. Effect of mngnesium on the growth of AtrebaeJer aerogenrs. O — 0 medium of 
Lodge & Hins}»el»rood pll 4*7. © JijedJum of Lodge A Ilinshelwood (1030). 

pll C-5. #-••# medium of Koscr * ncttgcr(IOlO), pH 0-8. 

Fig. 5. Effect of magnesium on the growth of Anvbacter elrtaeae (•— ^). I'tdi. eoU vnr. 
nddilaciiei (•..••) and Chromobaet. violacenm (0—0) in Koscr A Hcltgcr’* (lOlo) 
medium. 


On increasing further the magnesium concentration the incidence of fil.'imcnt'c 
was increased. Thus cultures of Ps. prunicoh in Erikson’s (1015) medium 
containing 0*5% (w/v) Mg grew as tangled filaments and microscopic exami- 
nation failctl to reveal any single short cells. In contrast, filaments were never 
observed witli the Gram-positive species examine<l in cultures containing 
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magnesium m excess of the optimal concentration for growth. Such concen- 

tmtions {e.g. 100 p.p.m.) often more or less completely inhibited the growth of 
the organisms (Fig. 7). ' •' s 


DISCUSSION 

Figs. 2-5 show that the Gram-negative bacteria studied reaclt maximum 
growth when the magnesium concentration is of the order of 2-4 p p m In 
contrast, maximum growth of the Gram-positive bacilli examined oceuired at 
a magnesium concentration of 20-40 p.p.m. (Fig. 7). At concentrations of 



Magnesium concentration (p.p.m.) 
Fig. C 



Fig. 7 


Fig. 6. Effect of magnesium on the gro-svth of Senatia marcescens (■—■), medium of 
Shear, Turner, Perrault & Shovelton (1043), Bacillus subtilis var. xnscosns (• — •) and 
B. polymyxa (O — O) (Koser & Rettger’s (1910) medium). 

Fig. 7. Effect of magnesium on tlie gro>yth of B. mycoidcs (O — O ) and B, shMUIs (• — •) 
in Koser & Rettger’s (1919) medium. 


magnesium which were optimal for the Gram-negative bacteria the growth of 
the Gram-positive bacteria was only a fraction of the maximum value (Fig. 6). 
Although the relatively small number of species studied does not justify 
generalization, it would appear from these and previous results (Webb, 1949) 
that Gram-positive bacilli require a much greater concentration of magnesium 
for optimal growth than do Gram-negative bacteria. This difference can be 
attributed to the fact that the Gram-positive organisms incorporate magnesium 
into the structure of the Gram complex. 

The fact that growth in simple chemically defined media is a function of the 
magnesium concentration and that no growth occurs at zero concentration 
suggests that magnesium is essential for the synthesis of bacterial protoplasm. 
Magnesium is also essential for the normal activity of the cell-dividing 
mechanism (Webb, 1949). Hence in the development of a normal bacterial 
population, magnesium takes part in (1) the synthesis of substances inter- 
mediate in composition between the foodstuff provided and the bacterial 
protoplasm, and (2) cell division. Furthermore, it is conceivable that in a 
complex medium which contains preformed components of protoplasm, such 
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as amino-acids and other essential metabolites, a deficiency of magnesium 
■would predominantly nffcct the process of cell division and not that of synthesis 
of protoplasm. On the other hand, in a simple chemically dcfinctl medium, on 
which an organism which was a good sj^thesizer could grow, magnesium 
would be essential both for synthesis of cell substance and for cell division. 
Under these conditions of growth, synthesis precedes cell division and, 
presumably, requires the higher magnesium concentration. That is, at concen- 
trations of magnesium below the optimum for growtli, normal cell division 
occurs throughout the restrictc<l population that the medium is able to suj)port. 
Only at relatively high and partially inhibitory concentrations of magnesium 
is the balance between growth and cell division altered to such an extent that 
filamentous cells are formed, i.e, cell division is impeded by the high magnesium 
concentration. 

Thanks arc due to Professor M. Stacey for his interest in this work, to Dr C. N. 
Hand forliis co-operation in the experiments witli M. Utberaihsis, and to the Medical 
Research Council for a grant in aid of the expenses. 
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Bacillus polymyxa and its Bacteriophages 

By a. E. FRANCIS axd JO.VN E., RIBBON 
Wellcome liesearch LaborntorieSf Bcekenlmrn, Kent 

SUMMARY : Thirty strains of Baeilltts polj/myxa were isolated froni soil, vegetation 
and water, and nine strains were rccci\*ed from other sources. At the time of isolation 
the new strains were of a white or sporogenous colony tj’pc, but rapidly protluccd 
asporogenous and rough variants. Four bacteriophages were isolated from a %*arlant 
of a soil strain and from soil and sewage. These differed in host-strain specificity, 
particle size, heat resistance, citrate sensitivity and serological reactions. 

Following the report by Ainsworth, Brown Sc Brownlee (19t7) of an anti- 
biotic — ‘Acrosporin* — produced by Bacillus aerosporus (Greer), work w'as 
undertaken on certain aspects of the bacteriology of this organism. B. aero- 
sporus is considered by Porter, McClcskcy Sc Levine (1937) to be identical w'ith 
B. pohjmyxa^ and oi\ morphological, cultural, biochemical and serological 
grounds, we agree with this opinion. 

Samples of soil, vegetation and water w'crc obtained from widely separated 
localities in Great Britain, and these were cultivated by the methods dcscril)cd 
by Lcdinglmm, Adams Sc Stanicr (19(5). From these sanjplcs 30 strains 
of Bs pohjmyxa were isolated. In addition, 4 strains were received from 
Dr Ainsworth’s group, and 5 strains from other workers. 

Tlie main characters of tliis organism have been reported by Greer (1028), 
Porter cl al. (1937) and Smith, Gordon Sc Clark (1910). In tlic present paper it is 
proposed to record only certain morphological and colonial characters of the 
organism and the isolation and examination of four strains of baclerioplmgc 
active against it. 


Colonial t'arialton in B. poKnnyxa 

Lcdinglmm et al. (1915) illustrated a bewildering variety of colony types of 
B. polymt/xa. The description of the ‘tj'picar colony by Smith el al. (1910) is 
undoubtedly that of the rougli type and is l\’|>icnl of tlic two strains wliicli wc 
obtained from the National Collection of Type Cultures, No. 1389, and t!»c 
American Type Culture Collection. No. 8523, whereas the colony dcsrribctl by 
Smith et al. ns rough is the white or sporogenous parent colony. 

Since the method of isolation cmployetl includctl the j)astcuriralion of soil 
samples before culture, the majority of strains were isolat«l as sporogenous 
colonics. Subsequent study has shown that these represent the parent colony 
type, since variants arc thrown from them which have never rcvcrte<l to the 
parent ty(>c. 

Prcsmn])tivo identification of colonics on the plating mwliurn of Jx.'dingham 
ei al. (1915) was made on morphological grounds and the development of iN-pic-nl 
spores. Likely colonics were suhcultivntcd in nutrient broth, and only those 
devcloj)ing obvious ropincss were further cxamincil. Final iilcntification was 
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made on biochemical grounds, and by bacteriophage and serological tests. The 
serological methods will be the subject of a later communication. 

With freshly isolated strains, the typical colony developed in cultures on 
nutrient agar after 24 hr. incubation at 28° is smooth, flat or low convex, 
circular, slightly brownish and about 1 mm. in diameter. After 48 hr. it is 
2-3 mm. in diameter, low convex, white and opaque with an entire edge. The 
24 hr. culture consists of vegetative bacilli about 3 x 1/i, but at 48 hr. a large 
proportion of the bacilli are forming central or subterminal spores and have 
become spindle-shaped. After 3 days or longer, the cultme consists mainly of 
oval spores, surrounded by a rim of stainable cytoplasm, which subsequently 
disappears. 

When broth cultures of the white colonies are left at room temperature for 
a few days and then plated, it is often found that in addition to the white 
(sporogenous) colonies there are other colonies, which after 2 or 3 days’ incubation 
remain brown, though of the same size as the white colonies (PI. 1, fig. 1) 
These brown colonies consist of vegetative bacilli, many of which have under- 
gone partial autolysis, and only occasionally can spores be found. These 
colonies do not revert to the white t3q)e. 

When broth cultures of white or of brown colonies are left for 7 days or 
longer at room temperature, typical rough colonies also appear (PI. 1, fig. 2). 
These breed true and do not revert; when plated on soft or rather moist agar, 
they tend to swarm and to form a thin, grey sheet of gro\vth. 

A fourth or mucoid type of colony was also found in a few cultures of brown 
variants kept for many weeks in the cold room, but this type could not be 
isolated with any regularity. These colonies are much larger than the brown 
colonies, often 4 mm. in diameter; after 2 or 3 days’ incubation they are 
markedly umbilicated (PI. 1, fig. 3) and are more glairy and sticky than the 
brown colonies. In stained films the appearance closely resembles that of the 
brown colony, showing vegetative bacilli, many partially autolysed bacilli and 
few spores; but individual bacilli tend to be smaller than those of the typical 
brown colony. 

Sporogenous strains that have become largely replaced by brown or rough 
variants may be ‘rejuvenated’ either by heating broth cultures at 55° or by 
prolonged storage of agar slope cultures in the cold room, even when white 
colonies cannot be demonstrated by direct plating. 

It should be mentioned that different strains vary widely in the speed with 
which they produce variants. Some strains remain stable for many weeks at 
room temperature; others tlirow bro\vn or rough variants which largely replace 
the parent colony type in a week or two at room temperature. Storage of 
cultures in the cold-room almost abolishes this variation. The amount of 
mucinous substance formed by different strains varies, and this modifies the 
colonial appearance to some extent. Rough variants produce less mucinous 
substance, both on plates and in nutrient broth, and much more is produced 
in media containing added carbohydrate. The exact nature of the mucinous 
substance has not been determined. 
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BACTERIOPHAGES FOR B. FOLYMYXA 
Sources and ‘tnetkods of isolation 

Four different strains of bacteriophage active against B. poli/myxa were 
isolated. 

Phage A vas isolated (August, 1947) from culture-tanks in which B. poly- 
myxa CN 1984* was being g^o^vn for polymyxin production. This phage was 
subsequently propagated on a brown colony variant isolated from B. polymyxa 
CN 1417, of wliich CN 1984 is a mucoid variant. CN 1417 was isolated from 
soil by Ainsworth ei al. (1947). 

Phages B and C were both isolated from a pool of soil samples during a search 
for a phage which would attack CN 2002, a strain of B. polymyxa resistant to 
phage A. Nine samples of Sussex soils and waters were pooled after cultures for 
B. polymyxa had been prepared from them individually. Fiv’c of the soil 
samples subsequently yielded strains of B. polymyxa^ Tlie pool of soil samples 
was added to 100 ml. glucose phosphate peptone water (methyl red, Voges- 
I*roskauer medium). The mixture was inoculated with B, polymyxa CN 2002, 
incubated for 2 days at 28® and the culture filtered through paper and then 
tlirough a Doulton porcelain filtcr-candle. The bacteria-frcc filtrate was 
propagated daily on B. polymyxa CN 2002 for one week, and the final culture 
filtered as before. Serial decimal dilutions spotted on an agar plate freshly 
inoculated with B. polymyxa CN 2002 showed the presence of pliagc in high 
litre. This phage did not produce confluent lysis in the true sense, since a tliin 
filnj of phage-resistant organisms was always found covering tlic area of lysis. 

The above crude preparation was found to attack all the strains of B. 
polymyxa available at that time. The appearance of the plaques varied on 
different strains of B, polymyxa, and grc}' haloes were often formed in the growth 
around the ‘phaged’ areas, A pure Phage B was isolated from a single plaque. 
Some strains of B. polymyxa proved to be resistant to the action of this phage. 

Phage C was isolated (.Alarch, 1048) from the same crude pliagc by picking 
a plaque from a plate spread with B. polymyxa CN 23G0, a strain resistant to 
plinge B. This phage C, which was further purified, attacked almost all strains 
of B. polymyxa tested, and gave complete lysis of the host strain CN 23GG on 
an agar plate culture. 

Phage D was isolated (July, 1948) from sewage taken from the main drain 
of these laboratories. The sewage was diluted with an equal volume of 
glucose + phosphate + peptone water and divided into nine parts. Each of these 
samples was inoculated with a difTcrent strain of B. polymyxa and was incu- 
bated at 28® overnight. After paper and filter-candle nitrations, the bactcria- 
frcc filtrates were inoculated into cultures of the respective host strains. After 
24 lir, incubation five cultures showed good bacterial growth, but four remained 
clear and phages were isolated from these. Tlic plaque appearances producwl 
by tlic phages isolated from these four cultures corresponded witli one another 

• *CN* numbers nrc the culture numbers In the bacterial collection of the Wellcome 
Ilcsearch I.nboratorics, Beckenliam- 
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made on biochemical grounds, and by bacteriophage and serological tests. The 
serological methods will be the subject of a later communication. 

With freshly isolated strains, the typical colony developed in cultures on 
nutrient agar after 24 hr. incubation at 28° is smooth, flat or low convex, 
circular, slightly bro^vnish and about 1 mm. in diameter. After 48 hr. it is 
2-3 mm. in diameter, low convex, white and opaque with an entire edge. The 
24 In. culture consists of vegetative bacilli about 3 x 1/4, but at 48 hr. a large 
proportion of the bacilli are forming central or subterminal spores and have 
become spindle-shaped. After 3 days or longer, the culture consists mainly of 
oval spores, surrounded by a rim of stainable cytoplasm, which subsequently 
disappears. 

When broth cultures of the white colonies are left at room temperature for 
a few days and then plated, it is often found that in addition to the white 
(sporogenous) colonies there are other colonies, which after 2 or 3 days’ incubation 
remain brown, though of the same size as the white colonies (PI. 1, fig. i) 
These brown colonies consist of vegetative bacilli, many of which have under- 
gone partial autolysis, and only occasionally can spores be found. These 
colonies do not revert to the white type. 

When broth cultures of white or of brown colonies are left for 7 days or 
longer at room temperature, typical rough colonies also appear (PI. 1, fig. 2). 
These breed true and do not revert; when plated on soft or rather moist agar, 
they tend to swarm and to form a thin, grey sheet of growth. 

A fourth or mucoid type of colony was also found in a few cultures of brown 
variants kept for many weeks in the cold room, but this type could not be 
isolated with any regularity. These colonies are much larger than the brown 
colonies, often 4 mm. in diameter; after 2 or 3 days’ incubation they are 
markedly umbilicated (PI. 1, fig. 3) and are more glairy and sticky than the 
hrovm. colonies. In stained films the appearance closely resembles that of the 
broAvn colony, showing vegetative bacilli, many partially autolysed bacilli and 
few spores; but individual bacilli tend to be smaller than those of the typical 
b^o^vn colony. 

Sporogenous strains that have become largely replaced by brown or rough 
variants may be ‘rejuvenated’ either by heating broth cultures at 55° or by 
prolonged storage of agar slope cultures in the cold room, even when white 
colonies cannot be demonstrated by direct plating. 

It should be mentioned that different strains vary wdely in the speed with 
which they produce variants. Some strains remain stable for many weeks at 
room temperature; others throw hro^vn or rough variants which largely replace 
the parent colony type in a week or two at room temperature. Storage of 
cultures in the cold-room almost abolishes this variation. The amount of 
mucinous substance formed by different strains varies, and this modifies the 
colonial appearance to some extent. Rough variants produce less mucinous 
substance, both on plates and in nutrient broth, and much more is produced 
in media containing added carbohydrate. The exact nature of the mucinous 
substance has not been determined. 
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resistant to it. Single colonies obtained by plating a broth culture of the growtli 
scraped from the area of ‘confluent lysis* ■were resistant to pliagc B. Filtrates 
of broth cultures grou’n from sucli colonies may contain a phage that resembles 
phage B in its behaviour and is inhibited by an antiserum prepared against 
phage B. Phage has not been found in broth filtrates of normal strains. 

Although phage C completely lyses the host strain CN 23G0 on solid medium, 
secondary growth may occur in liquid medium with some strains, but this is 
not constant. The plaques formed by the C phage on first isolation were very 
small, often invisible but for a large halo. However, after repeated culturing 
on strain B. polymyxa CN 23GC, the plaques increased in size, although their 
appearance remains very variable. We have evidence suggesting that propa- 
gation of phage C on different host strains results in changes in specificity in 
a manner analogous to that of Craigic’s type II typhoid phage (Craigic Sc Yen, 
1938), 

Some strains of B. polymyxa are completely resistant to phage D on solid 
medium, others are fully susceptible, or secondary growth may develop in the 
areas of lysis. In a liquid medium, growth always appears witliin -18 Jir. even 
if the phage-treated culture remains clear after 21 hr. incubation. Tlic plaques 
vary between 0-5 and 4 mm. in diameter. WeU-defmed haloes arc sometimes 
present, and with a few strains there is a well-marked white rim of increased 
bacterial growth around tlic area of lysis and witliin the halo. 

Itilcr-siraui inhibition in B. polymyxa 

Early in work with phage A it was found tliat broth-filtrates of one strain 
of B* polymyxa might inhibit the growth of another, and even produce an area 
of complete inhibition of growth, resembling phage lysis, wlicn a drop of 
bactcria-frcc filtrate or of broth-cuUurc was spotted on a plate spread with the 
second strain. At first this was tliought to be due to plmge, and that one strain 
was lysogenic for another. On dilution, however, the area of inhibition became 
fainter, and at dilutions greater than 1 in 100 it usually disappeared. Tnic 
phage plaques were never demonstrated (PI. 1, fig. 0- T)ie antibiotic elTcct of 
strains of B. polymyxa upon one another has been rcportetl by Ivatznclson 
(1941), who also encountered u bacteriophage for this species. 

Strains of B. polymyxa difTcr, among other things, in the type of polymyxin 
produced: five jiolymj'xins arc now recognized (Brownlee Sc Jones, 1918). It 
was thought that there might be some correlation between the inter-strain 
antibiotic cficcl and the polymyxin types involved. Accordingly rdl u\'ni!nb1c 
strains of B. polymyxa were tested according to the method of Fisk (1912). 
A remarkable series of results was thus obtained. The patches of growth of the 
test cultures might merge into the growth of the underlying stniin or they 
might be distinct from it but without inhibitory cficcl. Inhibition vniying from 
a grejush ring to marked inlnbitioii resembling phage lysis might lx; present 
(PI. 1, fig. 5). A few strains inhibited tlicniselvcs under these conditions, but 
only to a minor c.\tcnt. 

The strains could l>c groujicd on the basis of the number of strains lliey 

inhibttctl, and on their resistance to inhibition, but no useful elas^ifleatjon 
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on every strain of B. polymym on which they were tested. They were therefore 
assumed to be identical, and the puriHed phage propagated on B. polyfnyxa 
CN 2161 was labelled phage D. 


Activity q/'B, po\ymyx& phages 

The four phages differ in their host range among the strains of B. polymyxa 
(PI. 2, figs. 1-4). Phage C attacked all but one (CN 1576) of the strains against 
which it was tested. Phages A, B and D differ in the strains which they can 
attack. Table 1 shows the grouping of the B. polymyxa strains on the basis of 
their phage sensitivity. This grouping so far cannot be correlated with any 
other property of B. polymyxa. 


Table 1. Distribution table of sensitivity of strains o/B. polymyxa 
to four types of bacteriophage 

Sensitivity to phages 


Strains of B. polymyxa (CN numbers) 

A 

B 

C 

D 

1417, 1418, 1971, 2222, 2225, 2227, 2228, 2368, 2490 

+ 


'i' 

+ 

2224 

+ 


+ 


2161, 2229, 2369, 2370, 2492 


_ 

■4* 

+ 

1419, 1951, 1966, 2002, 2136, 2159, 2180, 2184, 2185 


-f- 

4“ 

+ 

2366 



+ 


2135, 2163, 2164, 2183, 2191 



+ 


2181, 2182, 2401 




4" 

-f 

2162, 2179, 2186, 2220, 2230, 2491 

— 

— 

-f 



These B, polymyxa phages have been tested against seventeen other members 
of the genus Bacillus. A single strain of each of the following species, classified 
according to Smith et al., was tested. 

Group 1. B. megatherium, B. cereus, B. ceretis var. mycoides, B. subtilis, B. subtilis 
var. aterrimus, B. subtilis var. niger, B. pumiliis, B. coagulans, B. fmmis. 

Group 2. B. macerans, B. circulans, B. laterosporus. 

Group 3. B. sphaericus, B. spkaericus var. rotans, B. sphaericus var. fusiformis. 

None of these culttires was lysed by any of the four B. polymyxa phages. 

Phage A is the most virulent of the four phages. It causes complete lysis on 
a plate and in liquid culture. Secondary growth is very rare and usually does 
not appear in liquid medium even on prolonged incubation. With all four 
phages the appearance of the plaques varies considerably with the strain of 
bacillus under test, and with the dryness and thickness of the agar. Phage A 
gives clear plaques, 0-5-2-0 mm. in diameter. The edges may be entire or with 
sharp indentations. Haloes up to 1 cm. in diameter develop on keeping the plate 
at room temperature. 

Phage B never gives complete lysis on a plate and resistant organisms always 
develop in liquid culture. On a plate culture of a susceptible strain, the area 
of Ivsis is always covered by a thin film of growth (PI. 2, fig. 5). Individual 
plaques vary between 0-5 and 2-0 mm. in diameter, and the edges are usually 
ill defined. Haloes are sometimes present, and are visible on plates when removed 
from the incubator. The bacteria which grow in the presence of phage B are 
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resistant to it. Single colonies obtained hy plating a broth culture of the growth 
scraped from the area of ‘confluent lysis* were resistant to phage B. Filtrates 
of broth cultures grown from such colonies may contain a phage tliat resembles 
phage B in its behaviour and is inhibited by an antiserum prepared against 
phage B. Phage has not been found in broth filtrates of normal strains. 

Although phage C completely lyses the host strain CN 23GG on solid medium, 
secondary growth may occur in liquid medium with some strains, but this is 
not constant. The plaques formed by the C phage on first isolation were very 
small, often invisible but for a large halo. However, after repeated culturing 
on strain B. jjolymyxa CS 2366, the plaques increased in size, although their 
appearance remains very variable. Wo have ev'idcnce suggesting that propa- 
gation of phage C on difTcrent host strains results in changes in specificity in 
a manner analogous to that of Cratgic’s t>q>c II typhoid phage (Crnigie & Yen, 
1038). 

Some strains of 2?. polymyxa are completely rcsistniit to phage D on solid 
medium, others are fully susceptible, or secondary growth may develop in tlic 
areas of lysis. In a liquid medium, growth alw.ays appears within 48 hr. even 
if the phage-treated culture remains clear after 24 hr. incubation. The plaques 
vary between 0*5 and 4 mm. in diameter. Well-defined haloes arc sometimes 
present, and with a few strains there is a well-marked white rim of increased 
bacterial growth around the area of lysis and witliin the Imlo. 

InicT-strain inhibition in B. pobnnyxa 

Early in work witli phage A it was found that brotli-fiUratcs of one strain 
of U. polymyxa might inhibit the growtii of another, aitd even produce an nre.a 
of complete inliibition of growth, resembling phngc lysis, when a drop of 
bactcria-frcc filtrate or of broth-culture was spotted on a plate spread with the 
second strain. At first this was thought to be due to phage, and that one strain 
was I}'Sogcnlc for anotlicr. On dilution, however, the are-a of inhibition bccanu* 
fainter, and at dilutions greater than 1 in 100 it usually disappeared. True 
phage plaques were never demonstrated (PI. 1, fig. 4). The antibiotic cfTcct of 
strains of iJ. polymyxa upon one another has been reported by Katznclson 
(10 tt), who also cncoimtcnnl a bacteriophage for this species. 

Strains of B. polymyra dilTer, among other things, in the type of polymyxin 
produced: five polymj'xins arc now recognized (Brownlee & Jones, lOlS). It 
was thought that there might be some correlation between tiie inter-strain 
antibiotic effect and the polymv'xin tj-pcs involved. Accordingly all available 
strjiins of B. polymyxa were tested aeconling to the method of Fisk (1012). 
A remarkable series of results was thus obtained. Tlie palclics of growth of tlic 
test cultures might merge into the growth of the underlying slniin or they 
might be distinct from it but without inhibiton.’ clfccL Inhibition varying from 
a grcyisli ring to mnrkal inhibition resembling phage lysis might be present 
(PI. 1, fig. 5). A few strains inhibited themselves under these conditions, but 
only to a minor cxtcjil. 

The strains could l>c groupctl on the liasisof the numberof strains wijich they 
inhibited, and on their resistance to inhibition, but no useful classification 
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resulted. Moreover, the type , of polymyxin produced bore no relation to the 
antibiotic activity of any particular strain. The inhibitory material was 
produced more readily on solid medium than in broth. This inhibitory effect of 
one strain of B. polymym upon another does not appear to be, related to- the 
substance produced by B. polymym which inhibits Staph, aureus (Stansly & 
Schlosser, 1947). A strain which inhibits few other B. polymyxa, strains will lyse 
Staph, aureus just as readily as one which is active against most other strains 
of its own species. Numerous attempts to isolate a phage from actively inhi- 
bitory strains have failed. Artificial lysogenic strains exist in the form of cultures 
of phage B-resistant organisms, but we have not encountered a naturally 
lysogenic culture. 

Differential properties of the bacteriophages 

In addition to the different lytic activities of the four phages, other properties 
were examined. Phage B is distinguished by its serological specificity, its large 
particle size, and its greater heat resistance relative to the other three phages. 
Phage D is citrate-resistant. Phages A and C are closely related and cannot be 
clearly separated by any of the tests employed, but three serial passages of each 
phage on the host strain for the other have not changed the. strain specificity 
of either. All four phages are inhibited by the methylene-blue test and the urea 
test described by Biurnet (1933&), 

Particle size. By the use of collodion membranes prepared by the methods 
of Elford (1931) we made an approximate determination of the average particle- 
size of the four phages. The phage preparations, consisting of filtered broth- 
cultures, were diluted with equal volumes of fresh nutrient broth, and filtered 
at pH 7-5 + OT. All preparations were filtered tlxrough a membrane of average 
pore diameter 0’64 p before being subjected to a filtration test tlirough mem- 
branes of smaller pore diameter. No attempt was made to determine the end- 
point of filtration for any phage. The following results show the range between 
two membranes defining the phage size: 

Phage A =33-60 m/i: probably nearer the upper limit. 

Phage B = 60-113 m/c probably nearer the upper limit. 

Phage C=33-83 mpi probably nearer the lower limit. 

Phage D = 21-83 m/c probably nearer the lower limit. 

Phage B is thus distinguished from the other three phages by its markedly 
larger diameter. 

Heat resistance. All four phages are remarkable for their heat lability. The 
results of heating suspensions of these phages in nutrient broth at pH 7-2 are 
shmvn in Table 2, Phage B is again distinct, in that considerable activity 
remains after heating to 50°. 

Growth rate. The final phage concentration’of all four phages when propagated 
on their respective host strains in nutrient broth and incubated at 28° over- 
night is of the order of lO® particles/ml. In 6 hr. phages A, C and D will have 
almost reached this concentration, but phage B multiplies much less rapi^y. 
The rate of phage multiplication is much diminished at 37° as compared with 
that at 28°, with all four phages. 
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Counts of the number of phage particles liberated from one host cell have 
been made, by the method of Burnet (1929). With all four phages, the burst- 
count appears to be of the order of 2’-2* (128-256). The burst-time with phage A 
is about 150 min., with phage B somewhat over SCO min., with phage C and 

Table 2. Heat resistance o/‘B. polym^'xa bacteriophages 

Samples of phage suspensions were diluted 1 io 10 in nutrient broth at a final pH of 7'2. 
Five ml. volumes in fl x | in. test-tubes were heated for 20 min. in xratcr-baths at the required 
temperatures. 

Counts given represent numbers of phage particles in 1/2000 ml. of the undiluted phage 
preparations. Tlic figures for 45® were obtained from n separate experiment. 


Phage suspension heated at 



Unhealed 

control 

45* 

_A. 

50* 

55* 

CO* 

Phage A 

Count 

120,000 



52 

4 

0 

Survivors (%) 

100 

21 

0 013 

0 003 

0 

Phage B 

Count 

70,000 

_ 

2t,000 

12 

0 

Sun’ivors (%) 

100 

100 

34 

0 017 

0 

Phage C 

Count 

40,000 

_ 

0 

0 

0 

Sursivors (%) 

100 

0 

0 

0 

0 

Phage D 

Count 

215,000 


100 

40 

2 

Survivors (%) 

100 

100 

0 017 

0 010 

0 001 


phage D about 200 min. Confirmation of the first t^s•o figures has been obtained 
by another method. Plaque counts were made from phage preparations 
incubated with the host culture over a longer period (up to 8 hr.). The counts 
were plotted on a log.arithmic scale and the time required for tlic count of phage 
particles to double at the maximum growth rate was read off. This gives 
a doubling division time or mean generation time of 18 min. for pliagc A ond 
of 45 min. for phngc B. If the burst count is Uikcn os 2’ for cacli phage, the 
mean generation times deduced from the first experiment would be ISJ rain, 
for phage A, somewhat over 45 min. for phage B and about 25 min. for phages 
C and D. In non-aernted nutrient broth the mean generation lime for 
B, pohjimjxa at 28® is a little over 1 hr. 

Thus, phages A, C and D multiply at much the same rate and have similar 
burst-times; phage B multiplies much more slowly and dilTcrs markedly from 
tlic other three. 

Serological relationships. A method similar to that of Burnet (lOfiSn) was 
usctl. Antisera were prepared by the injection of rabbits with filtered broth- 
culture lysates. Serial dilutions of the antisera were mixctl with equal volumes 
of tlic phage preparation under test, so dilutctl that 0-1 ml. of tlic mixture gave 
about 100 phage plaques. Tlic mixtures were incubated at 37® for 2 hr. and 
0‘1 ml. volumes then spread on an agar plate freshly inoculntctl with the host 
strain. Titres arc recorded as the final dilution of the scrum which gives a 
count amounting to 20 % of the control count. The results of a U*pic,nl experiment 
arc shown in Table 3. 



A. E. Francis and J. E. M'pimi 

Citrate sensitivity. This was determined by the method of Burnet (19336), 
modified to give a roughly quantitative result. Serial tenfold dilutions of the 
phage preparation were dropped in 0-02 ml. quantities on nutrient agar plates 
to whieh had been added 0, 0-1, 0-25, 0-5, 1-0 and 1-5 % sodium citrate, and 

Table 3. Serological relationships qfB. polymyxa phages 

Inhibitory litre of antiserum with phage 
Antiserum r— * : . 


phage 

A 

B 

C 

D 

A 

19,200 

0 

19,200 

4,800 

B - 

0 

38,400 

0 

0 

C 

2,400 

0 

2,400 

600 

D 

4,800 

0 

2,400 

9,600 


‘0’ indicates no inhibition by the serum at a dilution of 1 in 300. 

which had been freshly inoculated with the appropriate strain of B. polymyxa. 
It was found that phages A and C were decreased to 10 % of their initial activity 
by 0-25 % citrate and almost inactivated by 0-5 %; phage B was decreased to 
10 % of its initial activity by 0-5 % citrate and almost inactivated b}!- 1 % ; 
phage D was unaffected by 1-5 % citrate even though growth of the host strains 
was diminished by this concentration. 

We are indebted to Dr C. L. Oakley for the collodion membranes and for advice 
on the teclmique of the phage filtrations. We •svish to tliank Mr E. A. Jones and 
Mr E. E. Hitchcock for the photographs, and Mr M. S. Beer and Mrs A. N. Cook 
for valuable teclmical assistance. 
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EXPLANATION OP PLATES 
Plate 1 

Figs. 1, 2 and 3. MagniHcation x2. 

Fig. 1. IJ. polymyxa CN 1417 showing white ntid brown colonics. 

I^ig. 2. D. polymyxa CN lOGO showing white and rough colonics. 

Fig. 3. B. polymyxa CN 1417, mucoid \'ariiint. 

Fig. 4. Intcr*strain inhibition. Filtrate of broth culture of IJ. polymyra CN 1417 spotted on 
D. polytnyxa CN 2002 in serial decimal dilutions, anticlockwise. 

Fig. 5. Intcr-stniin inhibition. Plate spread with strain IJ. polyjnyxn CN lOGO. Loopsful of 
broth cultures of nine other strains spotted on the plate. Incubated 2 days at 28*. 

Plate 2 

All figures show plate cultures of host strains of IJ. polymyxa with phages A, n, C and l> 

arranged vertically; at dilutious of 1/10, 1/10* and l/lO^ from left to right. 

Fig. 1. CN 1 117, OTigInnUiost strain for phage A. Showsrc.sclion with phages A, 13, Cnntll). 

Fig. 2. CN 2002, original host strain for phage B. Shows reaction with jihages B, C nnd 1); 
also antibiotic inhibitory effect with phogc A prepamtion. 

Fig. 3. CN 2300, original host strain for phage C. Shows reaction with phages A and C. 

Fig. 4. CN 2101, original host strain for plwgc D. Sliows reaction with phages A, C and D. 

Fig. CN 2222. Shows reaction with phages A, B, C nnd T), with filnj of resUtnnt organisms 
across areits of l.vsJs with i»h.igc B. (Owing to the tnudnotti mature of broth mJlures of 
B. pnl'jtnyxei it is dllficull to prevent the growth of rolonie'> in what should be areas of 
confluent lysis, as sslth plmgcs A, C nnd 1) In tliis cNnmple.) 


{Bcecii cfl 2 Febritary 1919) 
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Origin, Development and Significance of L-forms 
in Bacterial Cultures 

By EMMY KLIENEBERGER-NOBEL 
Lister Institute, London 


SUIMMARY: Several Gram-negative bacteria produce pleuropneumonia-like (L-) 
forms, some under ordinary cultural conditions, others only when exposed to abnormal 
ones. The formation of these bodies starts wth the production of small nuclear 
elements surrounded Avith a thin cytoplasmic layer; these elements fuse with neigh- 
bouring elements and the L-body is complete. Whereas some L-strains reproduce 
themselves indefinitely, others revert to the bacterial form. Thus the bacterial and 
the L-forms are now regarded as two different generations of the same organism and 
my symbiosis theory is abandoned. 


Symbiosis was my explanation of the association between pleuro-pneumonia- 
like organisms that breed true (L-forms) and Sirepiobacillus moniliformis 
(Klieneberger, 1935, 1942). In contrast. Dienes and others believe that the 
L-form is either a variant or a phase in the life cycle of the Streptobacillus. 
Dienes’s view (1947, 1948) that the L-forms arise from a simple swelling of the 
bacterium, that the large L-forms are a reproductive phase and the small 
L-forms are bacteria-like is too simple; my opinion is, and always has been, 
that the bacterial and the L-forms differ fundamentally in cytology, colony form. 


metabolism (Partridge & Klieneberger, 1941), and in pathogenicity. A typical 
young bacterium (which I designate an A-form) has a wall of considerable 
thickness (see Fig. 1, linaysi & Baker, 1947) which gives rigidity to the cell. 
Inside the wall is a cytoplasmic layer, which becomes septate during division, 
enclosingthe transversely arranged chromatinic structiu-es ealled ‘ chromosomes ’ 
by Robinow (1944, 1945). At division a ring-like band forms on the inner side of 
the cell-wall and gradually cuts the cell in two but without obvious constriction 
of the outer part of the ceU-waU. In contrast, the L-forms have only a thin cell 
boundary which may be no more than a fine layer of condensed cytoplasm; the 
cells are plastic and because they can assume any shape I have described them 
as amorphous. They divide by segmentation into two or more parts (see 
Figs 8 and 9 Smith, Hillier & Mudd, 1948), the size and shape of these elements 
being determined by the physical conditions of the environment (Klieneberger 
& Smiles, 1942). Chromatinic material may be present in big clumps or in 
particles too small for the resolving power of the light microscope; it may 
Lsume different shapes, including filaments (mycelium- or network-like), but 

it never shows the characteristic bacillary arrangement. 

With these differences in mind it was clear that the origin and development 
of the A- and L-forms needed to be studied by the newer cytological methods 
developed by Robinow and by Boivin. This has been done with certain Gram- 
nelltive bacteria, some of which produce L-torms under ordinary eultiual 
conditions, others only in special conditions that are often adverse to the 


growth of the organism. 
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Methods 

Young liquid cultures were inoculated on the solid medium and small 
squares of the agar cut out; these were placed inoculated side downAvards on 
sterile coverslips, and incubated in a moist chamber. After incubation the agar 
square was removed and the wet coverslip film fixed in osmic acid vapour. 
Fixed preparations either without further treatment, or after treatment with 
warm n-HCI, or with a solution of ribonuclcasc, were stained with a weak 
Giemsa solution. Occasionally Bouin’s Axativc was applied through the agar; 
this was followed by tannic acid as a mordant and by dilute crystal violet to 
stain. (For further details of the methods applied sec IGieneberger*Nobe!, 
19-15; Robinow, 194-1, 1945; Boivin, 1948; Boivin, Tulasne, Vcndrcly Minck, 
1947d; Tulasne & Vendrely, 1944). 


OBSERVATIONS 

Formation of L-groiclh under ordinary conditions of ailture 
Fusiformis necrophortts {Bacteroides fundttUfonnis). Strain 132, isolated by 
Dienes, was subculturcd once a week for two years in Brewer’s medium 
enriched with horse scrum. The inoculum was large (8 or 4 drops) and was 
incubated at 8C® for only 7 hr.; between subcultures, cultures were kept in the 
cold. Before each c.\pcrimcnt the strain was subculturcd three times a day on 
two successive days, wlicu it consisted entirely of A-forms. When inoculatc<I 
on to plates of ‘special medium* (boiled blood agar made from ox-hcart 
infusion peptone broth enriched with horse scrum) these bacilli multiplied 
without lag phase and after 2-3 lir. anaerobic incubation the chromatinic 
structures (‘ chromosomes ’) were arranged more or less transversely in the cells 
(PI. 1, fig. 1). Witli longer incubation these stniclurcs divided into smaller 
ones and many appeared as granules. The cytoplasm now stained more 
delicately than before and seemed to be j>oor in ribonucleic acid, for very little 
treatment was needed to show its cliromntinic structures (PI. 1, fig. 2); cellular 
outlines could hardly be demonstrated at this stage (3-4 hr.). A little later 
single nuclear granules and rows of granules embedded in delicately staining 
cytoplasm were seen almost exclusively; each granule, with its faint surrounding 
cytoplasm, seemed to reprasent one small unit (the ‘primarj' cell unit’) which 
tended to coalesce with neighbouring units (PI. 1, figs. 3fl and 36) after 
hr. incubation. In further development the nuclear granules grew into fine 
filaments (PI. 1, figs. 3o and 36) which fiisctl on contact with similar filaments 
or other nuclear granules (PI. 1, fig. C) to form n chromatinic network (PI. 1, 
figs. 7-9). The nuclear matter might now contract towards the centre and 
leave free a uniform, lightly stained, cytoplasmic ctlgcjto form a large disk- 
like IkkIv (PI. 1, fig. 10), which, because of iU shnj>c, sir.c and simctnrc, must 
be rcgardc<l as an I/-body. Neighbouring primary cell units fusctl in twos, 
threes, or more up to fairly big complexes to pro<lucc a large ly-bodv. PI. 1, 
figs. 4 and 5 show fields in which only n few units Imvc joinc<l together. Two 
primary* cell units belonging to dificrent drains of primary cell imits might 
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join to form a small body of the two united elements with a filamentous 
aj^pendage on either side; tliis formation resembled a bacillus with a bulbous 
swelling. The size and shape of the L-bodies largely depended on the number 
and arrangement of the primary cell units which joined together and explains 
the bizarre shapes the L-body often assumes. The young bodies, small or large, 
were sometimes extremely thin in substance but they soon built up their 
chromatinic and cytoplasmic material. The arrangement of the chromatinic 
material in the fully developed elements %vas not constant; sometimes it appeared 
as a clwomatinic network, as finely dispersed granules, and sometimes it had 
a coarse appearance. With fm-ther incubation the L-elements often inereased in 
size and divided, by segmentation and constriction, into two or more parts at 
the same time. 

In liquid and semi-solid media subdivision appeared to be more frequent and 
the single bodies were smaller than the giant flat bodies produced on the surface 
of solid media. After 5-7 hr. incubation almost all the growth of strain 132 often 
developed into L-forms (PI, 2, fig. 11). Later the bodies showed condensation 
of the clwomatinic material and the formation of finger-like protuberances into 
which the concentrated, darkly staining, filamentous nuclear material migrated. 
These protuberances broke away and appeared as young, well-defined and well- 
stained bacilli containing one or more conspicuous nuclear structures or 
‘chromosomes’ (PL 2, fig. 12). After two days’ incubation the culture was 
almost completely transformed into the A-form. 

However, L-growth may remain stable, producing no A-forms. I have 
isolated from strain 132 two pure L-Iines which were kept for a year and 
underwent 100 passages without reverting (Klieneberger-Nobel, 1947). 
Therefore we must conclude that while the L-form ordinarily produces the 
A-form it maj’’ — under conditions not yet defined — persist in the L-form for an 
indefinite time. On the other hand, the L-form is produced by the A-form at 
a special stage of its development by the union of small elements, called the 
primary cell units. 

Streptobacillus moniliformis. This species has been studied extensively in the 
past and I have isolated the L-form (then called LJ in pure culture from several 
strains from different sources ; one strain has undergone 650 passages in the course 
of 15 years and bred true to the L-type. The strain used for the present work, 
mouse 2, was kept in the laboratory for several years and for the last two years 
was maintained by the methods used for F . nca ophoviis, which caused it to 
grow almost entirely in the A-form; scanty L-growth was found only on the 
second day of incubation. On the first day growtli was mainly composed of 
small, slender bacilli; however, at the edges of stained coverglass microcultures, 
groups of disintegrating bacilli could be found occasionally. Later fine nuclear 
structures appeared in similar places and their configurations suggested tliat 
they might be on the point of joining together. Later still groups of L-bodies 
were found at the edges of the preparations but a substantial amount of 
L-growth was never detected. Thus by regular transfers for two years, a culture 
which originally produced L-forms in abundance u'as so changed tliat in the 
first ‘>4 hr. it produced only A-forms and a few L-forms only during the second 
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clay. i5. 7noniUfor}nis is the smallest of these organisms studied here; conse- 
quently the transformation from the A- to t!ie L-form was more dinicult to 
follow than in any of the other organisms. But I have no doubt that t!»c 
transfonnation is basically the same ns in F. necrophoms. 

Bacterium coli. Strain 204 was obtained from Dr F. ICaufmann; its plco- 
morphism was noticed at first examination. After n few hours* growth on trypsin 
digest agar its bacillary forms disintegrated into very small elements wliich 
soon combined with each other (PL 2, fig. IS and PL 4, fig. 37), and a little 
later the culture consisted almost exclusively of L-bodics (PL 2, figs. 13 and 14). 
After a period of L-growth the bodies reproduced the A-form; at this stage the 
nuclear material was very dense, stained darkly (PI. 4, fig. 35) and had divided 
into chromosome-like filaments. In PL 4, fig. 35, the angular body hdow the 
large body seems to have been breaking up into bacillar 3 * forms; it is sur- 
rounded by a number of bacilli, apparently newly formed, having the darkly 
stained nuclear structure typical of young bacilli. Strain 20 1 was more 
penicillin-resistant than any other strain of the Bad. coli and salmonella 
groups tested; it grew without inhibition on nutrient agar containing 800 
units pcnicillin/ml. All L-strains, as well as plcuropncumonia-likc organisms, 
were found to be penicillin resistant. Morphologically strain 204 was the same 
on penicillin and penicillin-free media. 

Formation of L-groxeth under the influence of various stimuli 

Change in temperature. A motile and wcll-flngollatcd strain of a Proteus sp. 
was studied. A needleful of dried culture was placed in the centre of n well- 
dried plate and the organisms were allowed to grow at room temperature until 
a fairly large swarming edge had been produced; the plates were tlicn kept in 
the cold room (0'5®) for three days (sec Orskov, 1017). Plates were then 
incubated at 30® for several hours and impression preparations were taken 
from the swarming edge every’ quarter- or half-hour. ^Yllcn taken from the 
cold the swarming edge showed a number of nonnal bacteria; others were 
transparent and contained a row of small chromalinic granules; free granules 
were also found between disintcgniting bacterial filaments. It is supposed 
that the granules, together with a cytoplasmic envelope not always demonstrable 
by the methods employed, represent the primary cell units because after a short 
incubation they form delicate ramifications. It seems that by means of these 
ramifications neighbouring granules join to form larger mycclium-like chroma- 
tinic formations (PI. 3, fig. 20). TIicsc chromatinic nctw’orks and the surrountling 
cytoplasm build up and take stains more c.asi!y so that fully dcvelopwl T>-l>odtcs 
were usually detected after 1 J-2 hr. incubation (PI. 3, fig. 27), Tlic niimlKT of 
L-bodics produced by this method varied; upparcntly it depended on the stage 
in which llic bacteria at the swarming ctfgc were cauglit when transferred to (he 
cold. 

To prove this, undried plates were evenly inociilateil with 1-2 dro{)s of a 
young brotli culture, ineuhalcti for 1, 2, 3, 4 or more hours and placctl in the 
cold for llircc das’s. They were then rcincub.ntwl and impression preparations 
taken during incubation. I^fonns did not dcs'clop on plates given only 1 hr. 
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of preliminary incubation, a few appeared in the 2-hr. plate, and the largest 
number were produced on the plate given a preliminary incubation of 3 hr- 
With longer incubation the number of L-forms decreased. The production of 
^^d the rapidity of their appearance was stimulated by very rich 
media; thus meat infusion peptone agar was superior to trypsin digest agar. 
When the L-forms were once established they multiplied more slowly than the 
A-forms, so that they were soon outnumbered. After 5-6 hr. the L-bodies 
underwent a change; the nuclear material condensed and the body formed 
finger-like processes into which the nuclear material migrated. The pro- 
tuberances broke away and the bodies produced bacillary elements in much 
the same way as the L-bodies of F. necrophorus. After 12 hr. incubation L-forms 
were no longer detected. 

Effect of sodium chloride. It has been known for a long time that ‘large 
bodies’ develop under the influence of salts. A strain of Pasteurella pestis, 
N.C.T.C. 144, was studied on various media with and without added NaCI. 
During the first 5-6 hr. the organisms developed similarly on all the media. 
Media were usually inoculated at night with a young broth-culture, kept at 
room temperature until morning and then transferred to the incubator. After 
a few hours’ incubation on NaCl (3 %) agar a change occurred; the cells stained 
less deeply and their nuclear structure showed up on staining without previous 
treatment. Sometimes the cytoplasm was unstainable and the outline of the 
cells was lost; PI. 2, fig. 16, shows a chain of normal cells flanked on either 
side by naked chromatinic structures. Many tortuous filaments showing 
numerous loops and bends might be found at the same time (PI. 2, figs. 15, 17 
and 18). Soon afterwards the cytoplasm of these loops and bends seemed to 
coalesce, the enclosed nuclear structures or granules formed fine ramifications 
by which they joined together and produced round and oval L-bodies (PI. 2, 
figs. 15 and 17). Sometimes parallel bacterial filaments joined lengthwise, 
probably by combination of opposite primary cell units; a much wider filament 
was thus produced, with chromatinic matter in the network formation or 
condensation peculiar to L-gro^vth (PI. 2, fig. 19). By the union of a large 
number of primary cell units composite bodies of very peculiar appearance 
were produced (PI. 2, fig. 20). 

Effect of lithium chloride. The action of lithium chloride on Gram-negative 
organisms has often been studied and most workers agree that the large bodies 
developing under its influence produce normal bacteria when transferred to 
media not containing lithium. Yet how bacteria form the large bodies has not 
been examined in great detail. Accordingly BacimuTW coli-mM/ahile, N.C.T.C. 2495 
was grown in nutrient agar containing lithium chloride in concentrations of 
0-05 and 0-1 %. The lithium salt produced a conspicuous effect, particularly 
at the higher concentration. During the first few hours the nuclear structures 
of the bacilli were arranged in the ‘ chromosome ’ pattern and cell divisions took 
place. Later the cells had swollen slightly and the cell outline was not clearly 
defined; the cytoplasm was very thin and the nuclear content had been trans- 
formed into small structures or granules which filled the interior of the cells. 
Subsequently the cells broke up into primary cell units (PI. 3, fig. 21). 
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Disintegration was not always complete, for some of the units stayed together 
in the arrangement they occupied in the mother cell. The free chromatinic 
granules produced fine ramifications by which neighbouring units combined 
(PI. fig. 24) and the nuclear network increased and acquired a greater 
affinity for the stain; the cytoplasm also became visible (PI. 3, fig, 22. As the 
culture aged, round and oval bodies diflerentiated out of the complexes of 
young L-matter; these bodies were flat disks on the surface of the solid metlium. 
^Yith aging, their dispersed nuclear matter condensed, leaving free a delicately 
staining cj’toplasmic edge. At this stage (PI. 8, fig. 23) the bodies sometimes 
showed a delicate outline but a real cell-^i'all ivas never seen. In the low 
concentrations of lithium used the L-bodies invariably produced the A-forms 
without transfer to new medium; after about 12 hr. the large bodies had 
divided up into smaller ones (PI. 3, fig. 25) containing condensed nuclear 
matter; in some, fingcr-like protuberances into which nuclear matter had 
migrated could be seen. The protuberances became detached, their nuclear 
material divided into ‘chromosomes* and the new bacteria were born. 

Effect of penicillin. Penicillin often produces aberrant forms in bacteria 
(Gardner, 1940; Boivin cl al. 1947; Braun & Ynlim, 1948). Four organisms. 
Bad, coli’tnntahilc, N.C.T.C. 2495; a Proteus sp., and Salmonella paratyphi-B 
801 and 802, were examined and behaved alike; the development of one, 
S. paraiijphi’B 802 will be described. Penicillin concentrations were chosen so 
thatnoticeableinhibition wasavoided; 3, 7*5, and 15 miits/ml. were used for the 
paratyphoid strains and up to 200 units/ml. for the more resistant organisms. 
At first the bacilli developed in tlie usual way and revealed the ordinary set of 
‘chromosomes’; after 4-C hr. incubation they stained less well and consisted 
of long, slender, and often involvc<l filaments; cultures on pcnicillln*frcc media 
consisted of rods. The nuclear material broke up and became less distinct and 
the cells disintegrated into granular material (PI. 4, fig. 28). Often transparent 
bacterial filaments filled with a row of granules were seen and the granules were 
gradually set free. I believe that these granules represent the primary cell 
units which, by union with their own kind, produce the L-forms. After about 
6 hr. incubation the small units were numerous (PI. 4, fig, 31). One half to one 
hour later these granules developed ramifications whicli secmctl to fuse with 
their neighbours; at the same time they increased in si7.c and slainability 
(PI. 4, fig. 30). Occasionally tortuous filamentous masses were found at the 
same time (PI. 4, figs, 20 and 32). The primnrj’ ccll-imils developing in these 
involved filaments arc presumably closely packed and in joining up, transform 
the whole clump of filaments into one large I#-lKKly; the ^•a^ious slmpcs of the 
resulting L-botlics arc seen in PI. 4, figs. 29c, c and 32; other aspects of the 
fusion arc shown in PI. 4, figs. 34, 37 and 39. The irregular outlines of newly 
formed bodies (PI. 4, figs. 39) can be understood only when it is realized tliat 
they have been produced by the combination of many small units. The period 
of fusion is followed by a pcriofl of building of nuclear and cytoplasmic sub- 
stance, so that many well-coloured bodies, both large and small, arc found 
between tlic bacterial filaments (PI. 4, fig. 33). This is followed by a i>criotl of 
multiplication of the L-bodics. 
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After 18 hr. many L-bodies have produced bacteria (PI. 4 , fig. 33 ); the 
bacteria are recognized as young organisms by their well-stained and typically 
arranged ‘ chromosomes ’ (PI. 4, fig. 36). In the left-hand corner of PI. 4 , fig. 36, 
a large L-body shows the deeply stained chromatinic material which seems to 
have broken up into short filaments which may represent the ‘chromosomes’ 
of the developing bacteria. 


DISCUSSION 

Dienes believes that the L-form represents a reproductive phase of bacteria. 
Tatum & Lederberg s work (1947) is suggestive of the existence of a sexual 
phase in bacteria. To prove that the L-cycle is connected with such a phase it 
would be necessary to show that the L-form is the product of a union of two 
bacterial elements, and that bacteria can be produced from the L-form. The 
only recently recorded evidence of union of bacterial elements is a single 
observation by Smith (1944) with a strain of Fusiformis necrophorus. Several 
workers (Dienes, 1943, 1948 a; Dienes & Smith, 1944; Smith, Mudd & Hillier 
1948) have shown that bacteria may arise from L-forms and these observations 
have been confirmed by the work reported in this paper. 

The first stage in the development of the L-form is the formation of very 
small cells (primary cell units) consisting of a chromatinic granule and a thin 
smroimding cytoplasm, poor in ribonucleic acid. These units fuse in a character- 
istic way; first the cytoplasm coalesces and then the nuclear granules produce 
ramifications which combine with neighboming chromatinic structures. This 
union might be regarded as sexual, but it can involve any number of units from 
two upwards. Union is followed by an increase in both nuclear and cytoplasmic 
material and the L-body is then formed. Reproduction also is characteristic 
of the L-body and differs from that of the A-form; there is segmentation and 
constriction into two or more elements. To call small rod-like L-elements 
bacilli, as Dienes and Smith et al. have done, is misleading; structure, not size 
and shape, is the crux of the problem; the structure is that of an L-form; size 
and shape are dependent on the physical conditions of the environment. 
However the evidence produced from living material (Dienes & Smith, 1944), 
by the electron microscope (Smith et al. 1948), and, in this paper, from stained 
preparations, leaves no doubt that true bacteria (A-forms) can develop from 
L-forms. Thus the circle is complete: A-forms produce L-forms by the fusion 
of special elements, and the L-forms can produce A-forms. 

It seems as if almost all Gram-negative bacteria can go through the L-cycle, 
some under ordinary cultural conditions, others only when affected by 
abnormal conditions; these include temperature changes, appropriate concen- 
trations of sodium chloride, or lithium chloride, and penicillin in sublethal 
concentrations. In 1942 I expressed the opinion that the large ‘salt forms’ 
differed from typical L-forms such as those of Streptobacillus moniliformis, 
but my recent oLser^^ations showed that the ‘bodies’ were always produced in 
the same way and therefore must be regarded as L-forms. Finally, the evidence 
is now so conclusive that A- and L-forms are two distinct phases of the same 
organism that my symbiont theory is untenable. 
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EXPLANATION OF PLATES 
(Magnification x 3000) 

Plate 1 

Fig. 1. Fusiformis necrophorus ‘132’, 3 hr. 36°, osmic acid, ribonuclease, Giemsa (boiled 
blood medium plus serum was used for ‘132’ throughout). 

Fig. 2. F. necrophorus, ‘132’, 54 hr. 36°, osmic acid, hydrochloric acid, Giemsa. 

Figs. 3a and b. F. necrophorus, ‘132’, 5^ hr. 36°, osmic acid, hydrochloric acid, Giemsa. 

Figs. 4 and 5. F. necrophorus, ‘132’, 7 hr. 36°, osmic acid, ribonuclease, Giemsa. 

Fig. 6. F. necrophorus, ‘132’, 54 hr. 30°, osmic acid, hydrochloric acid, Giemsa. 

Fig. 7. F. necrophorus, 5J hr. 86°, osmic acid, hydrochloric acid, Giemsa. 

Figs. 8 and 9. F. necrophorus, ‘132’, 7J hr. 36°, osmic acid, hydrochloric acid, Giemsa. 

Fig. 10. F. necrophorus, ‘132’, 7J hr. 30°, osmic acid, hydrochloric acid, Giemsa. 

Plate 2 

Fig. 11. F. necrophorus, ‘132’, 7 hr. 36°, osmic acid, ribonuclease, Giemsa. 

Fig. 12. F. necrophorus, ‘ 132’, 24 hr. 30°, osmic acid, hydrochloric acid, Giemsa. 

Fig. 13. Bad. coli, ‘204’, meat infusion peptone agar, 5 hr. 36°, osmic acid, Giemsa. 

Fig. 14. Bad. coli, ‘204’, meat infusion peptone agar, 5 hr. 36°, osmic acid, hydrochloric 
acid, Giemsa. 

Fig. 15. Pasteurella pestis, ‘144’, boiled blood medium, 2% sodium chloride, overnight 
room temperature, 5 hr. 36°, osmic acid, hydrochloric acid, Giemsa. 

Fig. 16. Fast, pestis, ordinary nutrient agar, 6 hr. 36°, edge of micro-culture, osmic acid, 
ribonuclease, Giemsa. 

Fig. 17. Past, pestis, ‘144’, boiled blood mediiun, 2% sodium chloride, overnight room 
temperature, 5 hr. 36°, osmic acid, hydrochloric acid, Giemsa. 

Fig. 18. Past, pestis, ‘144’, ordinary nutrient agar, 0 hr. 30°, 1% sodium-chloride, osmic 
acid, ribonuclease, Giemsa. 

Fig. 19. Past, pestis, ‘144’, ordinary nutrient agar, 1% sodium-chloride, overnight room 
temperature, 14 hr. 36°, osmic acid, hydrocMoric acid, Giemsa. 

Fig. 20. Past, pestis, ‘144’, ordinary nutrient agar, overnight room temperature, 2 hr. 30°, 

1-5 % sodium-chloride, osmic acid, ribonuclease, Giemsa. 

Plate 3 

Fig. 21. Bad. coli mutabile, ‘2495’, nutrient agar plus 0-1% Uthium chloride, 04 hr. 30°, 
osmic acid, hydrochloric acid, Giemsa. 

Fig. 22. Bad. coli mutabile, ‘2495’, nutrient agar plus 0-1% lithium chloride, 9 hr. 30°, 
osmic acid, hydrochloric acid, Giemsa. 
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Fig. 23. BacU coli piutahile '2405*, nutrient agar plus 0*1 % lithium chloride, 8 hr. 36% osmic 
acid, hydrocliloric acid, Gicmsa. 

Kg. 24. Bad. coli mutabile ‘2495’, nutrient agar plus 0-2 % litliiuin clUoride, overnight room 
temperature, 0 hr. 86®, osmic acid, hydrochloric acid, Giemsa. 

Fig. 25. Bad. coli nnitabile ‘2495’, nutrient agar plus 0*1% lithium chloride, 9 hr. 30®, osmic 
acid, hydrocliloric acid, Giemsa. 

Fig. 26. Protetis sp., meat infusion peptone agar with horse scrum, 3 hr. incubation, then 
cold room for 3 days, reincubated hr., osmic acid, hydrochloric acid, Giemsa. 

Fig. 27. Proteus sp., swarming edge, 4 days cold room, reincubated for 2 hr., osmic acid, 
hydrochloric acid, Giesma, 

4 

Fig. 28. 6’aimonri/a parali/phi-B, *802’, meat infusion peptone agar, 20 units of peniciltin/ml. 
medium, 4 hr. SO®, osmic acid, hydrochloric acid, Giemsa. 

Fig. 20a, b and c. Bad. coli niulabile *2405*, nutrient agar, 40 units of pcnicilUn/ml. 
medium, 2 hr. 36®, osmic acid, hydrochloric acid, Giemsa. 

Fig. 30. Salmonella paralf/phi-B *802’, meat infusion peptone agar, 20 units pcnicillin/rnl. 
medium, 4^ hr. 30®, osmic acid, hydrochloric acid, Giemsa. 

Fig. 31. S. paralyphi’D, ‘802’, meat infusion peptone agar, 20 units pcnicilUn/ml. medium, 
3 hr. at 30®, osmic acid, hydrochioric acid, Giemsa. 

Fig. 32. S. paralyj)hi-B, *801*, meat infusion peptone agar, 40 units pcnlcillin/ml. medium, 
3i hr. at 30®, osmic acid, liydrocliloric acid, Giemsa. 

Fig. 33. S. paratyphi-B, *802’, meat infusion peptone agar, 20 units penicilUn/ml. medium, 

0 hr. 30®, osmic acid, hydrochloric acid, Gieima. 

Fig. 31. Proteus sp., boiled blood medium, 800 units penicillin/ml. medium, osmic acid, 
hydrochloric acid, Giemsa. 

Fig. 35. Bad. coli, *204', boiled blood agar, 400 units pcnicillin/ml. medium, during the day 
at 00® and tlicn room temperature overnight, osmic acid, hydrochloric acid, Giemsa. 

Fig. 30. Pro/et« sp., nutrient agar, 400 units pcnicillin/ml. medium, 18 hr. 30®, osmic acid, 
hydrochloric acid, Giemsa. 

Fig. 87. Bad. colt, ‘201’, nutrient ngar, 800 units pcnicilJin/mi. medium, 2-0 hr. 80®, osmic 
acid, Giemsa. 

Fig. 38. Proteus sp., nutrient agar, 400 units pcnlcillin/ml. medium, 18 hr. at 30®, osmic acid, 
hydrocliloric acid, Gfcms.s. 

Fig. 09. Proteus sp., nutrient agar, 400 units pcnicilliii/ml. mc^lium, 3| hr. 30®, CHinic acid, 
hydrochloric acid. Giemsa. 


(Beceivc/l 17 February 1010) 
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Reprinted from the Journal of Bacteriology 

The following Bacteriological Code of Nomenclature iras developed by the Judicial 
Commission, approved and recommended by the Nomenclature Committee and 
adopted unanimously at the concluding Plenary Session of the International Associa- 
tion of Microbiologists at the fourth International Congress held in Copenhao-en 
Denmark, in July, 1947, 

In 1948 it was published in the Journal of Bacteriology, 55, 287, but in view of its 
importance, it is reprinted here by permission of the Editor and Proprietors of that 
Journal. 


Chapteh 1 

GENERAL CONSIDERATIONS 

1. Tlie progress of bacteriology can be furthered by a precise s}^stera of 
nomenclature which is properly integrated with the systems used by botanists 
and zoologists and accepted by the majority of bacteriologists in all countries. 
Bacteriological nomenclature considers bacteria, related organisms, and the 
viruses. Botanical and zoological codes provide for nomenclature of certain 
groups such as the yeasts and fungi, protozoa and algae. These are of such 
significance in the microbiological laboratory that provision is necessar}^ in the 
bacteriological code for the consideration of special nomenclatural problems in 
these groups and for co-ordination of findings with zoologists and botanists. 

2. The precepts on which this system of bacteriological nomenclature is 
based are divided into princijiles, rules, and recommendations. 

The principles (Chapter 2) form the basis of the rules and recommendations. 

The rules (Chapter 3) are designed (1) to make effective the principles given 
in Chapter 2, (2) to put the nomenclature of the past into order, and (3) to 
provide for that of the future. They are always retroactive; names or forms 
of nomenclature contrary to a rule {illegiiimaie names or forms) cannot be 
maintained. 

The reco?nmendaiio}is deal with subsidiary points, their object being to bring 
about greater uniformity and clearness, especially in future nomenclature; 
names or forms contrary to a recommendation cannot on that account be 
rejected, but they are not examples to be followed. 

3. Provisions for emendation of rules, for special exceptions to rules, and for 
their interpretation in doubtful cases have been made through the establish- 
ment of a Nomenclature Committee for the International Association of 
Microbiologists and its Judicial Commission (Chapter 4). 
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ClUrTER 2 

GENERAL PRINCIPLES 

Principle 1. The essential points in nomenclature are (1) to aim at fixity of 
names; (2) to avoid or to reject the use of forms and names which may cause 
error or ambiguity or throw science into confusion. Next m importance is the 
avoidance of all useless creation of names. Other considerations, such ns 
absolute grammatical correctness, regularity or euphony of names, more or 
less prevailingcustora, regard forpersons, etc., notwithstanding tlieir undeniable 
importance, are relatively accessory. 

(See Rules 23, 24, 25, 26, 27; Recommendations 27a-i.) 

Principle 2. In the* absence of a relevant rule, or where the consequences of 
rules are doubtful, established custom must be followed. In doubtful cases 
a resume in which all pertment facts are outlined should be submitted to the 
Judicial Commission for an Opinion. 

(See Recommendation 9c; Provision 4.) 

Princij)le 3. Bacteriological nomenclature and botanical nomenclature are 
interdependent in the sense that the name of n bacterial group is to be rejected 
if it is a later homonym of the name of any plant group. Likewise nomen- 
clature of bacteria and protozoa arc interdependent; the name of a bacterial 
group is to be rejected if it is a later horaon>in of the name of a protozoan 
group. Bacteriological nomenclature is independent of zoological nomenclature 
(protozoology excepted); the name of a bacterial group is not to be rejected 
simply because it is identical with the name of a group in the animal kingdom. 

(See Rule 24 (4).) 

Principle 4. Scientific names of all groups arc usually taken from Latin or 
Greek. \Yhen taken from any language other than Latin, or formed in an 
arbitrary manner, they arc treated as if they were Latin. Latin terminations 
should be used so far as possible for new names. 

(See Rules 1-8, 27, 28; Recommendations 5a, Ca, Cb, Oc, 8a, 27a-i.) 

Principle 5. Nomenclature deals with (1) the terms which denote the rank of 
taxonomic groups (such as species, genus, family, onlcr); (2) the tiamfj which 
arc applied to the individual groups (such as Bacillus subtilise Streptococcus, 
Spirillaceae, Spirochaelales). 

(Sec Principle 7; Rules 1-8; Recommendations Gn-c, 8a, 2-la.) 

Principle C. Tlic rules and recommendations of bacteriological nomcnclnlure 
apply to all bacteria, recent and fossil, witli certain distinctly specified excep- 
tions. 

(See General Considerations 1; Principle Vi; Provisions 2-1.) 

Principle 7. The terms wliich denote the rank of taxonomic groups are 
defined as follows: 

(a) Every individual belongs to a species, every sj)cclcs to a genus, every 
genus to a family, every family to an order, cverj’ order to a class, cvcr>* class 
to a division. In some families the rank tribe may be distinguished. 

(Sec Principle 5; Rules l-S; Recomnirndaitons .’5a, Ca-c.) 
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(b) In many species, subspecies or varieties are distinguished; in some cases 
subdivisions of a species such as strains, groups, serotypes, variants, phases, 
and others may be recognized. In some genera, subgenera may be distinguished. 

(See Rules 6, 7; Recommendations Qa-c, 8a.) 

(c) If a greater number of intermediate categories (ranks) are required, the 
terms for these subdivisions are made by adding the prefix ‘ sub-’ to the terms 
denoting the ranks. Thus subfamily denotes a rank between a family and 
a tribe, subtribe a rank between a tribe and a genus, etc. The classification of 
subordinate categories (ranks) may thus be carried for the bacteria in the 
following order. 


1. Division (Divisio) 

9. 

2. Subdivision (Subdivisio) 

10. 

S. Class (Classis) 

11- 

4. Subclass (Subclassis) 

12. 

5. Order (Ordo) 

13. 

6. Suborder (Subordo) 

14, 

7. Family (Familia) 

15. 

8. Subfamily (Subfamilia) 

16. 


Tribe (Tribus) 

Subtribe (Subtribus) 
Genus (Genus) 

Subgenus (Subgenus) 
Species (Species) 
Subspecies (Subspecies) 
Variety (Varietas) 
Individual (Individuum) 


(d) The definition of each of these categories (ranks) varies, up to a certain 
point, according to individual opinion and the state of the science; but their 
relative order, sanctioned by custom, must not be altered. No classification is 
admissible which contains such alteration. 

Principle 8. The primary purpose of giving a name to a taxonomic group is 
not to indicate the characters or the history of the group, but to supply a means 
of referring to it. 

(See Rule 23.) 

Principle 9. Each group with a given circumscription, position, and rank can 
bear only one valid name, the earliest that is in accordance with the Rules of 
Nomenclature. Provisions may be made for certain exceptions. 

(See Principle 6; Rules 24-26; Provisions 2, 3, 4.) 

Note. In subgenera, genera, and groups of higher rank, the valid name is the 
earliest name published, provided that this is in conformity -with the Rules of 
Nomenclature. 

In species the valid name is the binaiy and in subspecies the ternary combination 
containing the earliest epithet published, provided that this combination is in con- 
formity to the Rules of Nomenclature. 

Principle 10. Bacteriologists are urged not to change a name (or combination 
of names) without serious motives, based either on more profound knowledge of 
facts or on the necessity of giving up a nomenclature that is contrary to the 
Rules. 

Principle 11. The application of names of taxonomic groups is determined 
by means of nomenclaiural types. A nomenclatural type is that constituent 
element of a group to which the name of the group is permanently attached, 
whether as an accepted name or as a sjmonym. The name of a group must be 
changed if the type bearing that name is excluded. 



44,7 


International code of nomenclature 

The type of a generic name is a species, that of the name of a species or sub- 
species (variety) is usually an authentic culture, n specimen, or a preparation. 
In some species, however, the type is a description or a figure given by a previous 
author. Where permanent preservation of a culture, a specimen, or preparation 
is impossible, the application of the name of a species or subdivision of a species 
is determined by means of the original description or figure. 

(See Rule 9; Recomvxendaiions 9a-d.) 

Note. The nomenclatural type is not necessarily the most tyi)ical or representative 
element of a group ; it is merely that element wliich the name of tlic group is 
permanently associated. 

(Examples: The type of the name Bacillus is the species Bacillus subtilis. The type 
of Pseudomonas suaveolens Soppeland is the culture designated and deposited by the 
author as the type culture in the American Tj'pe Culture Collection. The tj'pe of 
Actinomyces cameli (Mason) Ford consists of the description and illustration {J . trop. 
mcd. (TAer.), 1919, 32, 34) as no cultures arc available.) 

Principle 12. A name of a taxonomic group has no status under the Rules, 
and no claim to recognition by bacteriologists, imless it is validly published. 
(See Rules 10-14; Recommendations 12a-c.) 

CUAFTER 3 

RULES OF NOMENCLATURE WITH RECOMMENDATIONS 
Section 1. Naming of groups of various ranks 
Rule 1. Names of divisions, subdivisions, classes, subclasses, orders, sub- 
orders, families, subfamilies, tribes and subtribes are taken either from their 
chief characters or from a taxonomic unit of the next lower rank. 

Rule 2. The names of all ranks higher than the genus arc written in the 
plural number. 

Rule 8 . Names of divisions, subdivisions, classes, and subclasses arc words of 
Greek or L.atin origin. 

(Sec Principles 4, 5, 7; Rules 24, 25.) 

Rule 4. Names of orders, suborders, families, subfamilies, tribes and subtribes 
are also words of Greek or Latin origin or Latinized words, each with a suffix 
to indicate its taxonomic rank. The suffix for orders is -ales, for suborders 
incae, for families -accac, for subfamilies -oideae, for tribes -ene, and for subtribes 
-innr. 

(See Principles 4, 5, 7; Rules 22, 21, 25.) 

Rule 5. Names of genera and of subgcncra arc substantives (or adjectives 
used as substantives) in the singular number and \NTitton witli an initial 
capital. These names may be taken from any source wlmtcvcr and may even 
be composed in an nrbitran,' manner. They arc treated as Latin substantives. 
Generic names and subgencric names arc .subject to the same rules and 
recommendations and, from a nomenclatural standpoint, they are co-ordinatc. 
(See Principles 4, 5, 7.) 

Examples: Bacillus, Pastcuria, Brucella, Alcalif>enes, Ftisiformts. 

If a genus is divide<l into subgcncra. one of thcsubgencr.a (tliat which includes 
the type of the genus) should hear the same name as tlic genus. 

(Sec Rules 0, 19, 20, 27, 28; Recommendations 9a-c, 19o, 17i.) 
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Example: If the genus Bacillus is divided into two or more subgenera, the sub- 
genus which includes the type species Bacillus subtilis should bear the subgeneric 
name Bacillus. 

Becommendation 5a. Bacteriologists who are forming new generic or subgeneric 
names should attend to the following recommendations : 

(1) Not to make names very long or difficult to pronounce. 

(2) To take names that have an agreeable form readily adaptable to the Latin tongue. 

(3) Not to dedicate genera to persons quite rmconnected vith bacteriology or at 
least with natural science nor to persons quite unkno^vn. 

(4) To avoid adjectives used as nouns. 

(5) Not to make names by combining words from different languages (nomina 
hybrida). 

(6) To give a feminine form to all personal generic names, whether they commemo- 
rate a man or a woman. 

(See Principles 4, 7; Rule 27; Recommendations 27a~i for orthography and gender 
of generic names.) 

Rule 6. Names of species are binary combinations consisting of the name of 
the genus followed by a single specific epithet.* If an epithet consists of two or 
more words, these must either be united or joined by hyphens. Specific 
epithets are: 

(0) Adjectives, which must agree grammatically with the generic name. 
Examples: Bacillus subtilis, Micrococcus aureus, Clostridium hotulinum. 

(b) Substantives, in the nominative, in apposition with the generic name. 
Examples; Flavobacterium ceramicola, Vibrio comma, Pseudomonas conjac, 
Phytomonas holcicola. 

(c) Substantives in the genitive. Examples: Phytomonas vascularum, 
Aerobacter cloacae, Rhizobium leguminosarum, Brucella abortus, Acetobacter 
aceti. Salmonella anatis, Borrelia kochii. 

Within the same genus, no two species names bear the same specific epithet. 

(See Principles 4, 5, 7 ; Rule 27 ; and Recommendations 27 a-i for orthography 
and gendei' of specific names.) 

Recommendation 6a. AVhen it is desired to indicate the name of a subgenus in 
connection with the generic name and specific epithet, the name of the subgenus may 
be placed in parentheses between the two. 

Example: Lactobacillus (Tkermobaclerium) caucasicus. 

(See Principles 4, 5, 7.) 

Recommendation 6b. In forming specific epithets bacteriologists should attend to tiie 
following recommendations: 

(1) To choose a specific epithet which, in general, gives some indication of the 


* The term ‘epithet’ as here used implies a single descriptive word or a single descriptive 


phrase. 

Examples: The Latin word aureus 
the species name Micrococcus aurrv^ 
milk) is a single epithet, and 
{Streptococcus of sour milk) is in % 
of unrelated words as a single < 
bacillus of milk) would be an in 
cannot be validated by hjT>henai 
two unrelated epithets. If the t. 
aurei-lactis, the meaning is comple; 
is in correct form, hut the meaning i 
the colour of the milk to golden. 


(golden) is a single descriptive adjective or epithet, and 

'dd be in correct form. Tlie phrase lac acidum (sour 

Ss name Streptococcus tactis-acidi (or lactisacidi) 
Can- ' , ld not to regard a sequence 

'' , ^tunus laclis (the golden 

*... . ’ ■' The name 

j there are still 
name Bacillus 
lecies name 
changes 
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appearance, the characters, the origin, the history, or the properties of t!ie sjiecies. 
If taken from the name of a person, it usually recalls the name of the one who dis- 
covered or described it, or was in some %vay concerned with it. 

Examples: Micrococcus aiireiw, Clostridium pasteurianum, Phi/tovionas cmnpeslrh. 
Bacillus viscosus, Kurlhia zopjii. 

(2) To avoid those which are verj’ long and diHicult to pronounce. 

(3) To avoid those which express a character common to all or nearly all the 
species of a genus. 

Example: Micrococcus sphericus. 

(4) To avoid using the names of little-knmvn or verj' restricted localities, unless the 
species is quite local* 

(5) To avoid, in the same genus, epithets u-hich are verj* much alike, especially 
those nhich difTer only in their last letters. 

(6) Not to adopt unpublished names found in authors’ notes, attributing them to 
their authors, unless these have approved publication. 

(Sec Principles 4, 5, 7.) 

Recommendation 6c, Names of men and rvomcn and also of countries and localities 
used as specific epithets may be substantives in the genitive (icelehii) or adjectives 
(paslcwrinmim, joponiciini). It will be well, in the future, to avoid the use of the 
genitive and the adjectival form of the same epithet to designate two different 
species of the same genus. 

(See Principles 4, 5, 7.) 

Rule 7. Names of subspecies (varieties) arc ternary combinations consisting 
of the name of the genus followed by the specific and subspecific epithets in 
order. 

Example: Escherichia coli subsp. communtor (Toplcy and Wilson) Breed et al. or 
Ksc/«en‘cin‘« coh’ wit. connminior, or Esclim'cftfn eoI» coniminn’or. Tins docs not justify 
tlic name Bacillus Jluoresccns UquefocienSt ns this name was originally proposed as 
a trinomial name for a species, and not for a subspecies or a ^'ariety. 

Epithets of subspecies (varieties) arc formed like those of species? when 
adjectival in form and not used ns substantives they agree in gender with the 
generic name. 

Neither within the same species nor within the same genus may two sub- 
species bear the same subspecific epithet. 

If the species is divided into subspecies, the subspecific epithet of the sub- 
species containing the tj-pc of the species shall be the same as that of the species. 
(Sec Principles 4, 5, 7.) 

Example; If Micrococcus aureus Is divided into two or more subspecies, one (IJiat 
containing the tj-pe) should be designated Micrococcus aureus subsp. nwreitf. 

Rule 8. Subdivisions of species (other than subspecies (varieties)) are given 
vernacular names or designated by numerals or letters or, in special cases, arc 
given names in Latin form, 

(Sec Principles 4, 5, 7.) 

Recommendation So. Authors of names of subdi\*isions of sj>ccies of bacteria which 
arc not treated as subspecies (>*nrictic.s) should attend to Uic following recommen- 
dations and definitions: 

(1) A stroin is a pure culture of bacteria made up of Uie clesecndanLs of a single 
isolation. It is frcfiuently design.atc<l by tlie name of the individual responsible for 
its isolation, as Corifnrbaelrrium diphtheriae strain Park-WilHams. It may also lie 
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desipated by the locality or by a number or some similar laboratory distinguishing 
mark. Strain may also be used to designate cultures of bacteria which correspond to 
cultivated ‘varieties’ of higher plants in having some special economic significance. 
Such are frequently names from the laboratory or factoiy where isolated, as Acetobacter 
aceti strain Carlsberg. 

(2) Type is a term which has frequently been used to designate a subdivision of a 
species, particularly in cases Avhere the differentiating characters are regarded as 
insufficient to justify the erection of a subspecies or variety. Types are often differenti- 
ated on the basis of antigenic characteristics. Type is sometimes used to designate 
a physiological or morphological variant. In view of the use of the word ‘type’ in 
a different sense as defined in Principle 11, it is suggested that the terms serotype (or 
serological type), biotype (or physiological type) and morphotype (or morphological 
type) may appropriately be substituted for type as a designation of a subdivision of 
a species. 

(3) The term group in bacteriology should be used ivith great care so as to avoid 
ambiguity. It is employed popularly to designate various organisms ivith common 
characteristics (i.e., ‘ Coli-aerogenes Group’) and, in a restricted sense, in antigenic 
analysis for designating species or subgenera (e.g. Streptococcus, group A, Lance- 
field), or varieties or subspecies (e.g. Neisseria intracellularis, group I, Scott). It is 
suggested that the term group be reserved for primary serological divisions and 
designated by capital letters. Any serological subdivisions ivithin the group should 

• be designated as types and distinguished by Arabic numerals (e.g. Bacterium pseudo- 
tuberculosis-rodentium group A, type 1, Schiitze).* 

(4) The designation phase should be restricted to use for bacteria showing certain 
alternative immunologic characteristics, and particularly for the ‘specific phase’ or 
‘nonspecific phase’ of Andrewes as recorded for the genus Salmonella. 

Example ; Salmonella enteritidis specific phase. 

(5) A form (forma) or special form (forma specialis) is a subdivision of a species of 
a parasitic microorganism distinguished primarily by adaptation to a particular host. 

It is named preferably by giving it the scientific name of the host. Tin's is -written 
preferably in the genitive. 

Example : Rhizobium phaseoli forma phaseoli multiflori or Rhizobium phaseoli f. 
sp. phaseoli midtiflori. 

(6) A variant is an organism showing some variation in some character from the 
parent culture. Frequently variants result by mutation. If sufficiently distinct and 
stable, the variant may even be regarded and named as a subspecies or variety. 
Example of variant: the progeny of a colour sector in a pigmented colony, or the 
progeny of secondary colonies as lactose-fermenting mutants in colonies of glucose- 
fermenting bacteria. 

Example: Shigella sonnei lactose-positive variant. 

(7) A stage or slate is the name given to the Rough, Smooth, Mucoid, and similar 
variants which arise from colonies of many species of bacteria. These are regarded 
as alternating stages which are generally reversible and indeed by some authors as 


* It may be urged that if specific names are substituted for group letters at present 
employed (as strictly speaking they should be) the whole serological concept of the genus is 
obscured and it rvould be difficult to get serologists, working in many of the various fields, 
to assent to an action that they might consider retrograde. But this procedure has been 
accepted by the Salmonella Subcommittee in the case of the genus Salmonella. However, 
aU workers in this field are familiar with the Kauffmann-Wliite schema which clearly shows 
the antigenic relations n-ithin the genus concept. A somewhat similar procedure might be 
employed, for example, in the case of the streptococci, i.e. an approved schema drawn up 
showing the antigenic relationships ivithin the various groups which should be given specific 
rank with names consistent, so far as possible, with the Jaws of priority It is suggested that 
Se Salmonella Subcommittee in this regard has made a sincere effort to reconcile the 
traditions of the past with the present practical necessity of stressing serological relationships. 

where they exist. 
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part of a pleomorphic life cycle. They may be designated by some vernacular de- 
scriptive name. 

Example: Bacillus suhtilis Rough stage. 

(See Principles 4, 5, 7b.) 

Section 2. Designation of nomenclatural types 
Rule 9. For each valid name of each taxonomic group there should be 
designated a type; that is for each species or subspecies a type culture, speci- 
men, or description, for each genus a type species (genotype). 

(See Principle 11; Rule 5.) 

Recommendation Oa. "Wlien publisliing names of new taxonomic groups, authors 
should indicate carefully the subdivision which is tlie tj'pc of the new name : The tj^ic 
species (genotype) in a genus, the tjT^^ subspecies or variety in a species in which 
these subdivisions are recognized, the t 3 rpe specimen, preparation, or description in 
a species. Tiiis type determines the application of the name in the event of the taxo- 
nomic group being subsequently divided. Wien describing new species, varieties, or 
forms of parasitic bacteria, tlie host of the tj'pc should be indicated. 

(See Principle 11; Rule S.) 

Recommendation 0&. IVhen rerising a genus for wliich no genotype has been 
designated, an autlior should state which species he accepts as the nomcnclatural 
(Sec Prmcip/« 11 5 Rede 5.) • 

ReaimmendaUon 9c. In selecting a nomenclatural type (genotype) for a genus of 
bacteria, bacteriologists should, when possible, choose a species that \rill fix the 
generic name as it is now commonly applied. 

(See Principles 2, 11 j Rule 5.) 

Rccommcndrthort Orf. The utmost importance should be given to the preservation of 
the original (‘type’) material on wliich the description of the new group is based. The 
original account should state where tills material is to be found. IMicn a new species 
or subspecies of bacterium is described, if the organism is one wliich may be maintained 
in pure culture, an authentic culture labelled ns ‘type’ should be deposited with one 
of the recognized national or international culture collections. The national or 
international type culture depositories recognized are designated by the action of tlie 
International Committee of Nomenclature. Tlicsc recognized in 1030 arc the National 
Collection of Tj’pe Cultures of Microorganisms maintained in London, England,* and 
the American T^tic Culture Collection, ’Washington, D.C. Inasmuch ns the tj^ie of 
a bacterial species is frequently the published description and dmvings, these should 
be as complete as possible. 

Note. It should be borne in mind that morphological, biochemical and antigenic 
changes, and also loss of virulence, may take place os the result of repeated suhcidturc 
in the collection. This can to some extent be obriated by drying cultures in high 
vacuum under optimal conditions and storing them for future reference. 

(Sec Principle 11.) 

Section 3. Publication of names 

Rule 10. Legitimate bacteriological nomenclature begins with Linnaeus’ 
Species Plantantm, cd. 1, 1753.t 
(Sec Principle 12.) 

Rtile 11. Publication is effected, under tlicsc Rules, by sale or distribution 
of printed matter to the general public or to bacteriological institutions. No 

• Prt^ent oddrrss: Central PuliUc llealUiLabonitorj’.CoUndale Avenur, Ix»ndon, N.W. 0, 
t Fixed by action of the First International Congress of .Mlcrobio!og>' In Plcnarj* Session, 
Paris, 1P30 (JVocfrdingi, Part 2. p. 527). 
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An alteration of the diagnostic characters or of the circumscription of a 
group without exclusion of the type does not warrant the citation of an author 
other than the one who first published the name. When the changes have been 
considerable, an indication of their nature and of the author responsible for the 
change is added, as, em, {einendavit} or mutatis chciracL, or pro parte, or excl. 
gen., excl. sp., excl. var., or some other abridged indication. 

• Example: Bacillus Cohn em. Migula. 

When a name of a taxonomic group has been proposed but not published by 
one author, and is subsequently validly published and ascribed to him (or her) 
by another author who supplied the description, the name of the latter author 
must be appended to the citation with the connecting word ex. If it is desirable 
or necessary to abbreviate such a citation, the name of the publishing author, 
being the more important, must be retained. 

Example: Salmonella dar-es-salaam Schiitze ex. Brown, Duncan and Henry. 

When a name and description by one author are published by another author, 
the word apud, is used to connect the names of the two authors, except where 
the name of the second author forms part of the title of a book or periodical, 
in which case the connecting word in is used instead. 

Buie 16. When a genus, a subgenus, a species, or a subspecies (variety) is 
altered in rank but retains its name or epithet, the original author must be 
cited in parentheses, followed by the name of the author who effected the 
alteration. The same holds when a subgenus, a species, or a subspecies (variety) 
is transferred to another genus or species with or without alteration of rank. 

Example: Spirochaete pallida Schaudinn and Hoffman becomes Treponema pallidum 
(Schaudinn and Hoffman) Schaudinn. 

Recommendation 16a. IVhen citing a name published as a synonym, the words ‘as 
synonym’ or ‘pro synon.’ should be added to the citation. 

IVhen an author publishes as a synonym a manuscript name of another author, the 
word ex should be used to connect the names of the two authors. 

Recommendation 166. When citing in synonymy a name invalidated by an earlier 
homonjnn, the citation should be followed by the name of the author of the earlier 
homonym preceded by the word ‘non’, preferably wth the date of publication added. 

In some instances it mil be advisable to cite also any later homonym or homonyms. 

Example: Myxococciis Gonnerman 1907 non Thaxter 1892. 


Section 5. Changes in names as a result of segregation or union of groups or 

change in rank of groups 

Buie 17. An alteration of the diagnostic characters, or of the circumscription 
of a group, does not warrant a change in its name except insofar as this may 
be necessitated (1) by transference of the group or (2) by a change of its rank. 

Wlien a genus is divided into two or more genera, the generic name must be 
retained for one of them, or (if it has not been retained) must be re-established. 
When a particular species was originally designated as the type, the generic 
name must be retained for the genus including that species. When no type was 
designated, a type must be chosen. 
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Example: Donker (192G) divided tlie genus Baeillus into Bacillus and 
retaining Bacillus for the genus containing the tj-pc species Bacillus suhlilis. 

TIic same rule is applied when a subgenus is divided into two or more 
subgenera. 

Buie 18. AViien a species is divided into two or more species, the specific 
epithet must be retained for one of them, or (if it has not been retained) must 
be re-established. When a particular specimen was originally designated as the 
type, the specific epithet must be retained for the species including that speci- 
men. IMien no type was designated, a type must be chosen according to the 
regulations given. 

The same rule applies to subspecies (varieties); for example, to a subspecies 
(variety) divided into tw'o or more subspecies (varieties). 

Example: Wien Bhizobiwn leguminosarum Frank was divided into several species, 
all sjTnbiotic on the roots of leguminous plants, the name B. Icguminosarwn was 
correctly retained for one of them by Fred. 

When a species is transferred to another genus (or placed under another 
generic name for the same genus), w'ithout change of rank, the specific epithet 
must be retained or (if it has not been retained) must be re-established imlcs? 
one of the following obstacles exists: (1) the resulting binary name is a later 
homonym or tautonym or (2) there is available an earlier validly published 
specific epithet. 

When the specific epithet, on transference to another generic name, has been 
applied erroneously in its new position to a different species, the new combi- 
nation must be retained for tlic organism on which tlic epithet was originally 
based. 

Buie 19. \nicn two or more groups of the same rank arc \mitcd, the oldest 
legitimate name or (in species and their subdivisions) the oldest legitimate 
epithet is retained. If tlie names or cpitlicts arc of tlic same date, the autlior 
who unites the group has the riglit of choosing one of them. The author who 
first adopts one of them, definitely treating another as a synonym or referring 
it to a subordinate group, must be followctl. 

(Sec Buie 5.) 

Itccojumeiulalion 19«. Authors ho luivc to choose between two generic names should 
note the follomng recommendations; 

(1) Of two names of the same date to prefer the one which first accompanied 
by the description of a sjiccics. 

(2) Of two names of tlic same dale, boUi accompanied by descriptions of spccicH, 
to prefer the one which, when tlic author made his choice, included tlie larger number 
of si>ccics. 

(3) In cases of equality from these various points of view to prefer Uic more correct 
and appropriate name. 

(S^ Bute j.) 

Buie 20. When several genem arc united ns subgcncni under one generic 
name, the subgenus including the type of the generic name used must l>car 
that name unaltered. 

(See Buie 3.) 
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Rule 21. When several species are united as subspecies or varieties under one 
specific name, the subdivision which included the type of the specific epithet 
used must be designated by the same epithet unaltered. 

Rule 22. (1) When a subtribe becomes a tribe, when a tribe becomes a sub- 
family, when a subfamily becomes a family, etc., or when the inverse changes 
occur, the stem of the name should not be altered but only the termination 
{-inae, -eae, -oideae, -aceae, -ineae, -ales, etc.). 

(2) When a subgenus becomes a genus, or the inverse changes occur, the 
original name should be retained. 

(3) When a subdivision of a species becomes a species, or the inverse change 
occurs, the original epithet should be retained unless the resulting combination 
is rejected under Section 6. 

(See Rules 8, 4.) 

Section 6. Rejection and replacement of nay 7 ies 

Rule 23. A name or epithet must not be rejected, changed, or modified merely 
because it is badly chosen or disagreeable, or because another is preferable or 
better known. 

(See Principles 1, 8, 10.) 

Rule 24. A name must be rejected if it is illegitimate, i.e. if it is contrary to 
a rule. The publication of an epithet in an illegitimate combination must not 
be taken into consideration for purposes of priority. 

(See Principle 1 Rules 1-4.) 

A name of a taxonomic group is illegitimate in the following cases : 

(1) If it was nomenclaturally superfluous when published, i.e. if the group 
to which it was applied, as circumscribed by its author, included the type of 
a name which the author ought to have adopted under one or more of the Rules. 

Example; Dicrobactrum Enderlein 1917 was superfluous because of the previous 
publication of Serratia Bizio 1823. 

(2) If it is a binary or ternary name published in contravention of Principle 9 
and Rules 17-23, i.e. if its author did not adopt the earliest legitimate epithet 
available for the group with its particular circumscription, position, and rank. , 

(3) If its specific epithet must be rejected under Rule 25. 

(4) If it is a later homonym of a genus of bacteria, of a genus of plants, or of 
a genus of protozoa; that is, if it duplicates a name previously and validly 
published for a group of the same rank based on a different type. Even if the 
earlier homonym is illegitimate, or is generally treated as a synonym on taxo- 
nomic grounds, the later homonym must be rejected. When an author simul- 
taneously publishes the same new name for more than one group, the first 
author who adopts one of them, or substitutes another name for one of them, 
must be followed. 

Recommendation 24a. Authors should avoid introducing into bacteriology as generic 
names such names as are in use in zoology . 

(See Principle 5.) 

Note. Mere orthographic variants of the same name are treated as homonyms 
when thev ate based on different types. 

(See Ru/e 28.) 


International code of nomenclature 457 

(5) If, owing to n segregation, it is used with different meanings, and so 
becomes a permanent source of confusion or error. A list of names to be 
abandoned for this reason will be included under Jionwia rcjicienda. 

(See Principle 3; Provision 3.) 

(0) If its application is uncertain {nomen dtibiinn). A list of names to be 
abandoned for this reason will be included under nomina rejicienda. 

(See Provision 3.) 

(7) If the characterization of the group was based upon an impure or mixed 
culture. A list of names to be abandoned for this reason {nomina conftisa) will 
be included under nomina rcjicienda, 

(See Provision 3.) 

Examples: The characters of the genus Malleomyees Hallier 1870 were derived 
from various fungi and bacteria erroneously supposed to be growth forms of a single 
organism. Tlic name Salmonella tofeio Aoki was based upon a mixed culture. 

(8) If it was based upon an abnormality. 

Example: An eroded colony of Shigella dysenteriae due to bacteriophage action 
would be such an abnormality. 

Rule 25. Specific epithets are illegitimate in the following special cases and 
must be rejected. 

(1) When they are merely words not intended as names. 

(2) Wlien they arc merely ordinal adjectives being use<l for enumeration. 

(0) When they exactly repeat the generic name (Tautonym). 

(See Principles 1, 9; Rules 1, 2.) 

Rule 20. The name or epithet to be rejected according to Rules 23-25 is 
replaced by the oldest legitimate name, or (in a combination) by the oldest 
legitimate epithet %vhich will be, in the new position, in accorda»\cc with the 
Rules. If none exists, a new name or epithet must be chosen. Where a new 
epithet is required, an author may, if he wishes, adopt an epithet previously 
given to the group in an illegitimate combination, if there is no obstacle to its 
employment in the new position or sense. 

(See Principles 1, 9.) 

Section 7. Orthography and gender of names 

Rule 27. The original spelling of a name or epithet must be retained, except 
in tlic case of a typographical error, or of a clearly unintentional orthographic 
error. When the difference between two generic names lies in the termination, 
these names must be regarded as distinct, even tbougli differing by one letter 
only. This docs not apply to mere orthographic variants of the same name. 

(Sec Principles 1, 4, 9; Rules 5, 0 (c); Recommendation 5a.) 

ICxnmplc: Streplomcnis erysipelatos and S. eryslpelatis are mere orthogniphic 
variants of tlic same name. Erysipelatos is tlic strict IninslilemUon of the Greek 
genUiNT:; rri/sipelatis is tlic form of llic more usual and jircfcrahlc Iranslitcnition Into 
l^tin form. 

Sole 1. The wonls ‘original spelling* in this Article mean the spelling employed 
s\hcn the name s\us validly published. 

(See /ri/hs 1, 2.) 
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Note 2, The use of a wong connecting vowel or vowels (or the omission of a 
connecting vowel) in a specific epithet, or in the name of a genus is treated as an 
unintentional orthographic error which may be corrected. 

Note 3. In deciding whether two or more slightly different names should be treated 
as distinct or as orthographic variants, the essential consideration is whether they 
may be confused with one another or not. If there is a serious risk of confusion they 
should be treated as orthographic variants. Doubtful cases should be referred to the 
Judicial Commission for an Opinion. 

Note 4. Specific and other epithets and names of Greek origin differing merely by 
having Greek and Latin terminations respectively are orthographic variants. Epithets 
bearing the same meaning and differing only slightly in form are considered as 
orthographic variants. The genitive and adjectival forms of a personal name are, 
however, treated as different epithets. 

Example: Hormodendron and Hormodendrum; the strict transliteration of the 
Greek neuter ending is -on. The usual and preferable transliteration into the Latin is 
-uni. 


The hberty of correcting a name must be used with reserve, especially if the change 
affects the first syllable, and above all the first letter of the name. 

Recommendation 27a. Wien a new name is derived from a Greek work containing 
the spiritus asper (rough breathing), this should be transcribed as the letter h. 

(See Principles 1, 4; Recommendation 5a; Rule 6 (c),) 

Recommendation 27b. For scientific names it is advisable to use another font than 
that used for the remainder of the text, or to space the letters, or to use similar 
device appropriate to the text. 

Example; ‘The disease anthrax is caused by Bacillus anihracis Koch.’ Typeivritten 
scientific names should be underlined. 

(See Principles 1, 4; Recommendation 5a; Rule 6 (c).) 

Recommendation 27c. When a new name for a genus or subgenus is taken from the 
name of a person, it should be formed in the following manner: 

(1) 'i'i'ben the name of the person ends in a vowel the letter a is added (thus, 
Gaffkya after Gaffky ; Noguchia after Noguchi ; Serratia after Serrati), except when the 
name already ends in a, when ea is added (e.g. Collaea after Colla). 

(2) ViTien the name of a person ends in a consonant the letters ia are added 
(e.g. Escherichia after Escherich, Erwinia after Envin F. Smith, Pasieuria after 
Pasteur), except when the name ends in er, when a is added (e.g. Kernera after 


Kerner). 

(3) Names may be formed by use of a prefix or a suffix, or modified by anagram-or 
abbreviation. In these cases they count as different words from the original name. 

In many cases the names of bacterial genera are formed from the names of persons 
by the addition of a diminutive ending. The most common modern Latin convention 
is. to add one of the endings -ellm, a, ton, preferably -ella to conform to Recommenda- 
tion 5a. In some few cases one of the endings -Ulus, a, um has been added. 

(See Principles, 1, 4; Recommendation 5a; Rule 6 (c).) 

(4) The syllables which are not modified by these endings retain their original 
spelling, even ndth the consonants k and w or with the groupings of vowels which were 
imt used in classical Latin. Letters foreign to botanical Latin should be trmscribed 
and diacritic signs suppressed. The Germanic a, d, u become ae, oe, ne; the French e, 
e, and S become generaUy e. In works in which diphthongs are not represented by 
sjiecial type, the diaeresis sign should be used where required, e.g. Acrobacillus not 

Aerobacillus. , /• 

Recommendation 27d. A new specific or subspecific (varietal) epithet taken from 
the name of a man may assume either a substantival or an adjectival form. The 
syllables which are not modified by these endings retain their original spelling, even 
with the consonants k or tv or ^vith the groupings of vowels which ''’cre not used 
in classical Latin. Letters foreign to botanical Latin sliould be transcribed * nd 
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diacritic signs suppressed. The Germanic «, 6, u become ae, oc, ve. TIic l‘>encl» t', ^ 

become generallj* e. 

Wlien the epithet is a substantive, it is formed in tlie following manner: 

(1) When the name of the person ends in n vowel, the letter i is added (tlnis, sonnei 
from Sonne) except when the name ends in a, when e is added (thus, bnlnnxne from 
Balansa). 

(2) ^^^len the naine ends in a tonsonant, the letters ii arc added (thus, urWu’i from 
Welch) except wlien the name ends in -er, when i is given (tints, barkcri from Barker). 

When the epithet is an adjective, it is formed by the addition of an appropriate 
ending (thus, pasteurianus, n, urn from Pasteur). 

(See Principles 1, 4; lieconwicndations 5a; little G (c).) 

Recommendation 27c. TJie same provisions apply to cpitftets fortned from the names 
of women. AVlten these have a substantival form they arc given a feminine termination. 
(Thus, Cytophaga Icrzcmicnicivskae.) 

(Sec Principles 1, 4; Reconwiendation 5a; Rule G (c).) 

Recommendation 27/. New specific (or other) ej)ilhcts should be UTitten in con- 
formity with the original spelling of the words from which they arc derivctl and 
accordance wth the rules of Latin and latinization. 

Examples: silvestris (nat^sylvcstris), sinensis (not ehinensis). 

(Sec Principles 1, 4; Recommendation 5a; Rule 0 (c).) 

Recommendation 27g. Specific cpitliets, even those deriv’cd from names of (icrsotts, 
should not be capitalized. 

(Sec Principles 1, 4} Recommctidaiion 5a; Rule G (e).) 

Recommeudathn 27/i. In the formation of names or cpilhcls eoniposcd of tuo or 
sevenil roots taken from Latin or Greek, the vowel placed between the tuv roots 
becomes a connecting vowel, in Latin usually t, in Greek ii<5uaUy o. ^Vhen the secemd 
root begins with a vowel and euphony requires, the conncclitig vouci should bo 
eliminated (c.g. lejiidantha). The connecting vowels ae should be retained only where 
tills is required for etymological reasons (c.g. caricar/ormis from Cnricn, in onlcr to 
ovoid confusion with caricifonnis from Carex). In certain fo;nj)ounds of Greek words, 
no connecting voucl is required, c.g. brachycarpus ami glycyphyllus. 

(Sec Principles 1, 4; llccommendathn So; Rule C (c).) 

i?<rcom/ncMrfah'on 27i. Authors should give the etymology of new generic names, and 
also of new epUhets when the meaning of these is not obvious. 

(See Principles 1,4; Rule 5; Recommendation 5a; Rule G (c).) 

Rule 28. The gender of generic names is governed by the following regu- 
lations: 

(1) A Greek or Latin word adopted ns n generic name retains its classleal 
gender. In cjujcs where the classical gender varies the autlior lias the right of 
clioicc between tlic alternative genders. In doubtful eases general usage sliould 
be followed. 

(2) Generic names which are inodcrn compoumls formed from luo or more 
Greek or Lntin words tnke Ike Render of Ike kist. If llie cniiinR is nlUn-il, 
kowever, tkc Render wdl follow it. 

I'xumlik" Sniwrlmrtr i. femmine bccniiw tlic Greek noun rhnrle (xoinj) I. fi iiiininc. 
However, if n imrne Sp:mclmrUm were pmiu>w.I it svouW lie neuter. 

(8) Arbilnirily formed generic immes or vcniaeukir mim>-s usisl ns generic 
immcs\.nkc tkc'gcmlcr ussignrtl to them by tkcir nutkors. Wkerc tkc or.g.nni 
mitkor Im-s foiled to indiente tkc gender, tkc next subsequent nutlior bus tkc 

riglit of choice. 

(Sec I’rmriptf t; ItuU 0.) 
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Chapter 4 

PROVISIONS FOR EXCEPTIONS TO THE RULES AND FOR THE 
. INTERPRETATION AND MODIFICATION OP RULES 

Provisiofi 1. Modification and amendment of Rules. These Rules can be 
amended only by action of a plenary session of an International Congress for 
Mierobiology convened by the International Association of Microbiologists. 

Provision 2. Lists of nomina conservanda. To avoid disadvantageous changes 
in the nomenclature of the genera by the strict application of the Rules of 
Nomenclature, the Rules provide for a list of names which must be retained as 
exceptions {nomina conservanda). 

Note 1. This list of conserved names will remain permanently open for additions. 
Any proposal of an additional name must be accompanied by a detailed statement of 
the case for and against its conservation. Such proposals must be submitted to the 
Judicial Commission (see Provision 4) for study and appropriate action. 

Note 2. Wlien a name proposed for conservation has been provisionally approved 
by the Judicial Commission, bacteriologists are authorized to retain it pending the 
decision of the next International Congress for Microbiology. 

Note 3. A conserved name is conserved against all other names for the group, 
whether these are cited in the corresponding list of rejected names or not, so long as 
the group concerned is not united with another group bearing a legitimate name. In 
the event of union or reunion Avith another group, the earlier of the two competing 
names is adopted in accordance with Rtiles 19, 20, and 21. 

Note 4. A conserved name is conserved against all earlier homon)>'ms. 

Example : The generic name Bacillus Cohn with the type species B. subtilis Cohn 
em. Prazmowski is conserved by recommendation of the Nomenclature Committee 
and the action of the Second International Congress for Microbiology. 

(See Principles 6, 9; Rule 24 (5), (G), (7).) 

Provision 3. Lists of nomina rejicienda. To avoid unnecessaiy confusion in 
the nomenclature of bacteria by the strict application of the rules of nomen- 
clature, the Rules provide a list of names {nomina rejicienda) which are not to 
be used, i.e. are to be permanently rejected. This list includes names whicli, 
owing to segregation, are used wdth different meanings and liave become a 
permanent source of confusion or error {nomina ambigua), names where 
application is uncertain {nomina dubia), and names applied to a group made up 
of two or more discordant elements, especially if these elements were erroneously 
supposed to form part of the same individual {nomina confusa). 

(See Principles 6, 9; Bide 24 (5), (6), (7).) 

Note 1. This list of rejected names ’ivill remain permanently open for additions. Any 
proposal of an additional name must be accompanied by a detailed statement of the 
case for and against its rejection. Such proposals must be submitted to tiie Judicial 
Commission of the Nomenclature Committee for study and appropriate action. When 
a name proposed for rejection has been provisionally rejected by the Judicial Com- 
mission, bacteriologists are authorized to reject it pending the decision of the next 
International Congress for Microbiology. 

Note 2. A rejected name may not be later introduced into bacteriological literature, 
except that nomina dubia may be removed from the list upon submission of evidence 
of correct status and by action by the Judicial Commission on Nomenclature. 

Provision 4. Authorization of a Nomenclature Committee. A permanent 
Nomenclature Committee has been established by the International Association 
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of Microbiologists in Congress. This Nomenclature Committee is so constituted 
that wherever practicable each nation is represented by at least one member, 
and no nation by more than five. Recommendations for nomination for 
membership on this Nomenclature Committee may be made by any society of 
microbiologists or by members of any International Congress. Recommenda- 
tions for nominations should be made to one of the Permanent Secretaries who 
will present them to tlie Nomenclature Committee for consideration at its next 
meeting. Appointments to membership on the Nomenclature Committee arc 
made by nomination by the Nomenclature Committee and election by the next 
following Plenary Session of an International Congress for Microbiology. The 
International Congress elects two Permanent Secretaries, one primarily to 
represent medical bacteriology and one to represent nonmedical bacteriology. 
The Nomenclature Committee shall elect sucli other officers ns may be desired. 
A complete list of all members of thcNomenclature Committee shall be published 
in the Proceedings of each triennial meeting of the International Congress for 
Microbiology. 

The Nomenclature Committee selects from its membership a Judicial Com- 
mission consisting of twelve members, exclusive of members ex officiOf and 
designates a Chairman from the membership of the Commission. The two 
Permanent Secretaries of the Nomenclature Committee are members ex ojjlcio 
of the Judicial Commission. The commissioners serve in three classes of four 
commissioners each for nine years, so that one class of four commissioners 
retires at each International Congress. In the event of failure of the Inter- 
national Congress to meet tricnnially, the term of office of each class will 
automatically be extended by the number of years greater than three elapsing 
between successive Congresses. In case of resignation or death of any com- 
missioner, his place shall be filled for the unexpired term by the Nomenclature 
Committee at its next meeting. 

A. The Nomenclature Committee has the following functions: 

(1) To consider and pass upon nil recommendations relating to the 
formulation or modification of Rules of Nomenclature, particularly such rules 
as relate to bacteria, but also pertaining to nomenclature of other groups when 
desirable. The Committee will recommend such action as may be appropriate 
to the next Plenary Session of an International Congress for Microbiology. 

(2) To consider all Opinions rendered by the Judicial Commission. Such 
Opinions become final if not rejected at the meeting of the International 
Committee next following the date on which the Opinion was issued. 

(3) To designate official Type Culture Collections. 

(4) To receive and act upon all reports and recommendations received 
from the Judicial Commission or other committees relating to problems of 
nomenclnluTC or taxonomy. 

(5) To hold at least one meeting tricnnially in connection with the meeting 
of the International Congress for Microbiolog)’. 

(G) To rej>ort to the final Plenary Session of each Congress a record of its 
actions, and to recommend for approval such actions and nominations as 
require the approval of the Congress. 
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(7) To co-operate with other Committees, particularlj'^ those of the Inter- 
national Botanical and Zoological Congresses, to consider common problems of 
nomenclature. 

(See General Considerations 1.) 

B. The Judicial Commission of the Nomenclature Committee has the 
following functions : 

(1) To issue formal ‘Opinions' when asked to interpret rules of nomen- 
clature in cases in which the application of a rule is doubtful. 

(2) To prepare formal ‘Opinions' relative to the status of names which 
have been proposed, placing such names wlien deemed necessary in special 
lists, such as lists of nomina conservanda, nomina rejicienda, etc. 

(3) To develop recommendations for emendations of the International 
Rules for Bacteriological Nomenclature, for presentation to the Nomenclature 
Committee. 

(4) To prepare formal ‘Opinions' relative to types, particularly types of 
species and genera, and to develop a list of bacterial genera which have been 
proposed with the type species of each. 

(5) To prepare and publish lists of names of genera which have been pro- 
posed for bacteria, for protozoa, or for other groups in which microbiologists are 
interested in order to assist authors of new names in avoiding invalid homonyms. 

(6) To develop a list of publications in microbiology whose names of 
organisms shall have no standing in bacteriology in determination of priority, 

(7) To edit and publish the International Rules of Bacteriological Nomen- 
clature, Opinions, Lists of Nomina Conservanda, Notnhia Rejicienda, Type 
Species, etc. 

(8) To report to the Nomenclature Committee at its triennial meetings all 
Recommendations, Transactions, and Opinions. 

(9) To report to the International Committee at its triennial meetings the 
names of all Commissioners whose terms of service expire, likewise a list of all 
vacancies caused by resignation or death. 

(10) To prepare ‘Opinions' when requested relative to the nomcnclatural 
status of microorganisms studied by microbiological techniques, but not 
classed with the bacteria or viruses; for example, the yeasts, molds, and 
protozoa. However, such ‘ Opinions’ shall not be issued until confirmed by the 
commission charged with the interpretation of the appropriate code of 
nomenclature (Botanical or Zoological). 

Reconmendalion 4. inienever, in the opinion of any microbiologist an interpretation 
of any rule or recommendation of nomenclature is desirable because the correct 
application of such a rule or recommendation is doubtful, or the stability of nomen- 
clature could be increased by the conservation or by the rejection of some name whicli 
is a source of confusion or error, it is recommended that he prepare a resume outlining 
the problem, citing pertinent references, and indicating reasons for and against 
specific interpretations. This resume should be submitted to the Chairman of the 
Judicial Commission; if desired, through one of the Permanent Secretaries. An 
Opinion will be formulated, which may not be issued until it has been approved by at 
least eight members of the Commission. 

(See Principles 2, 6.) 
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The Biological Assay of Streptomycin by a Modified 
Cylinder Plate Method 

By K. a. BROtTOLEE, C. S. DEUTiS, II. DORMAN, C. A. GREEN, 
E. GRENFELL, J. D. A. JOHNSON asd N. S.MITH 

J. g«i. Microbiol. (1048), 2, 40. 

Mr D. R. Read has pointed out that, in tlic design given in Table 7, not only is 
1 degree of freedom for parallelism confounded ^rith columns but another is 
confounded with rows. There are accordingly only 5 out of the 7 degrees of 
freedom for parallelism left unconfounded, and the lower part of the analj’scs 
of variance in Tabic 9 should read ns follows: 

Decrees A«isay no. 8 Assay no. 15 Assay no. 17 

Source or of r— ' •. r * ‘ f -*'■ » 

variance freedom s.s. i!J». s.s. m.s. s.s. m.s. 

Parallelism 5 011053 002391 00282S 0005G5 0 10003 0 02013 

Residual 30 0'27430 0 00702 M7030 0 03270 0 70121 0 02198 
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THE SOCIETY FOR GENERAL MICROBIOLOGY 

The Society for General Microbiology held its Seventh General Meeting in the 
Botany Department of the University of St Andrars on Monday and Tuesday, 
IS ajid 14 September 1948. The foUozeing comnutnications zvere made: 

COMMUNICATIONS 

Growth Requirements of Virulent and Avlrulent Strains of Haemophilus 
pertussis in Semisynthetic Medium. By A. James {Greenford) 

The liquid semisynthetic medium of Cohen & Wlieeler (19 ts) was used for the 
experiments to be described in this communication. Of the eighteen strains 
of II. pertussis tested, starcli was found to be essential in the medium for the 
growth of the fourteen virulent strains, the virulence being estimated by their 
ability to kill mice after intranasal infection. The four avirulent strains and 
two strains of II. parapertussis grew ns readily in the absence ns in the presence 
of starch. The agglutination litre of the virulent organisms with nnthplmse I 
scrum after 12 days’ growth in the liquid medium was IIjc same as that of 
the original organisms washed off Bordcl^Gcngou medium which were used 
for the inoculum. 

A study has been made of the aniino*ocid requirements of the various 
straiirs at II. pertussis. Tlie following amino-acids in the medium arc completely 
removed by botli virulent and avinifcnt strains in 12-15 days' growth, ns 
sho^sTi by the technique of paper chromatography: aspartic and glutamic 
acids, serine, glycine and proline; while threonine and alaninearconly partially 
used. The rate of utilization of these amino-acids, ns shown by the chroma- 
togram at 5, 7, 0, 12 and 15 days, is greater during the growth of the virulent 
organisms than during the growth of the avirulent organisms. It was further 
observed that avindent organisms used more of the individual amino-acids 
when g^o^^^l in medium lacking starch, than in medium containing starch. 

It appeared at first tiuit yeast dinlysalc was essential for the growth of 
II. pertussis in seniisynthctic rncdiiim, a small amount onh' l>eing required 
to give luxuriant growth. Ilornibrook (1010) showed that nicotinamide or 
nicotinic acid could replace the yeast dialysulc. This was conlirmcil and in 
addition it was sliown that cozymusc could also replace the yeast dinlysatc. 

It thus appears tliat given the nicotinic acid residue //. pertussis is capable of 
synthesizing the cozymasc molecule. 
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The. Precipitability of Haemophilus pertussis Strains with Aluminium 
Phosphate and its Significance. By. J. Ungar and P. Muggleton (Greenford) 
Forty-six strains of H. pertussis were tested for their biological properties. 
Thirty-fom: strains were recently isolated from cases of pertussis and all of 
these strains agglutinated by immune antiphase I serum. Out of the twelve 
laboratory strains, only seven strains were agglutinated with antiphase I 
serum, five were non-agglutinable. It was found that all the strains grown 
on Bordet-Gengou medium, which agglutinated with antiphase I serum, were' 
adsorbed on aluminium phosphate, whereas non-agglutinable strains were not 
precipitated. Strains which were originally agglutinable and precipitable 
•with aluminium phosphate, lost the agglutinability and the precipitability on 
repeated subcultures. Agglutinable strains are lysed by the addition of N/1- 
sodium hydroxide or 10 % solution of sodium desoxycholate. Agglutinable 
strains which are precipitable by the aluminium salt are virulent to mice. In 
addition, the virulent strains produce toxic substances in the semisynthetic 
fiuid medium, which cause a dermonecrotic reaction in the rabbit’s skin. 
These toxic products are thermolabile, non-filtrable through bacterial filters 
and can be regarded as disintegrated bacterial particles. These particles are 
precipitated by aluminium phosphate. We have observed that strains gro'vvn 
on fluid media, which have lost their agglutinability, were no longer virulent 
to mice, were not precipitated by aluminium phosphate and did not produce 
toxic substances. 

Summary of difference between strains 

Agglutinable strain Non-agglutinable strain 

(titre over 1/8000 with (titre less than 1/500 

Property phase I serum) with phase I serum) 

Precipitation ■with alu- Complete precipitation Not precipitated • 

minium phosphate 

Morphology. Short Gram-negative Shorter and smaller than 

bacillus agglutinable organisms 

and tends to be Gram- 
• positive 

Capsulation Capsulated (wide zone Capsulated 

noticed after 24 hr.) 

Solubility in NaOH and Completely soluble Insoluble 

bile salt 

Virulence in mice Mostly virulent Avirulent 

Endotoxin production in Mostly toxin producing Non-toxic 

liquid medium 

It is likely that a common factor in the bacterial cell is responsible for the 
phenomenon of agglutinability, precipitability and virulence in mice. The 
adsorption by aluminium phosphate is a quick and a convenient method for 
differentiation betAveen virulent and a-virulent II. pertussis strains. 

Morphological Evidence in the Taxonomy of the Goccaceae. By K. A. Bisset 

{Birmingham) 

The cocci are morphologically heterogeneous. The Staphylococci and Neisseria 
are divisible into tw'o main groups on this ground; the majority of Staphylo- 
cocci and some Neisseria possess a structure which is typified in the Gonococcus. 
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The latter does not consist of bvo cocci, but of a single coccus di^nded into 
t^ro cells by a transverse septum. The majority of pathogenic species, of both 
genera, are of this type. The second group consists of single-cdlcd cocci con- 
taining a central nucleus, and never forming transverse septa. Some Staphylo- 
cocci^ including a few pathogenic strains, are of this morpholog}', as are most 
non-pathogenic Neisseria. This tj-pe of coccus bears a closer resemblance to 
certain yeasts and to Azoiohacter, than to the more typical Eiihactcria. The 
two'Celled t^e of coccus resembles the long-chained Sireplococcus, except that 
the latter is bilaterally and the former radially symmetrical. The lanceolate 
type of Sirepiococcus and Pneumococcus is in most respects indistmguishnl)lc 
from the rod-shaped Eubacicria of smooth morphology, is the only type of 
COCCUS in which paired chromosomes can be discerned, and has been obscr\'cd 
to undergo a cycle of nuclear changes similar to that found in those rod-slmpcd 
genera possessing paired chromosomes. 

The fact that long-chained and lanceolate jS'trrptococci may be intcrvnriablc 
presumably indicates that tlic Streptococci^ together witli the two-cellcd 
Staphylococn and Neisseria, arc related to the rod-shaped Eubacteria. Tlie 
single-celled cocci are possibly related to the yeasts. 


The Morphology of Sulphate-Reducing Bacteria. By K. R. Butjjs, ^L\nv 

E. AuAirs and Margaret Thomas (Trdrffngloa) 

Mesophilic strains show pronounced pleomorphism. Coccoid forms and very 
short rods were obtained in certain conditions, in addition to the wcU-known 
vibrios and spirilla of variable length. 

Vibrios almost exclusively predominated in sulphate-Iactalc-yeast extract 
medium. Except for one non-flagcllatcd strain, vibrios in yoimg cultures were 
actively motile, each cell exhibiting variety of movements not easily cxpiaincil 
by possession of the single polar flagellum shorni by electron micrographs, 
Large numbers of spiral cells appeared in cultures grown in sulphate-lactate 
medium containing 3 % NaoSOj . 711,0. The eirccl varied with dificrent slmins. 
The non-motile strain produced spirals and threads up to 100/t in length. The 
influence of sulphite was considerably diminished by addition of yeast extract 
and was reversed by subculture into medium containing no sulphite. None 
of oimobseiwations supports the suggestion in Bcrgcy, Breed, Murray & llitchen 
(1948) that the spiral forms consist of short chains. 

Our strains produced singlcflagellatcd short rods and coccoid cells in abun- 
dance after 8 days* growth in sulpluatc-Iactate-ycast extract medium con tAimng 
no added ferrous salt in completely micd scaled vessels. Subculture into fresh 
medium yielded pure cultures of vibrios. 

Thermophilic (55°) cells arc longer, straightcr and usimtly pimnper timn 
mesophilic vibrios. They do not produce apirillum forms, thouRh "'"'''''‘' I' 
long cells sometimc.s appear. Electron inicrographs show that se| era “ 

are scattered round the cells, which spin, twist nnd rotate will, very l.ltlc 
progression. 



iv Society for General Microbiology : Proceedings 

Some thermophilic and mesophilic strains are inter-convertible by gradual 
changes in temperature. Starkey (1938) found that the critical temperature 
at which the morphological change which accompanies the conversions occurs, 
lies between 40 and 45°. We have been able to confirm and illustrate this 
change of morphology by means of the electron microscope. 
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A Schematic Glassification for the Lactic Acid Bacteria. 

By J. G. Davis {London) 

The lactic acid bacteria are probably the most homogeneous and clearly defined 
of any naturally occurring group of organisms. 

The group is normally divided into streptococci and lactobacilli on the 
basis of morphology. These can each be further divided into three clear-cut 
groups on the basis of cultirral characteristics, fermentation and respiration. 
Not only are these groups closely parallel one to the other but even species 
within the group are often remarkably similar. The prolonged study of strains 
isolated from a variety of habitats shows that while most strains can be easily 
classified and given species names, some fall between the recognized species 
and sometimes even between subgroups and main groups. Thus, no matter 
what characteristics are used for differentiation and classification there are 
always found in practice strains which have intermediate properties. This 
raises a difficult problem if genus status is given to the three main groups. It is 
customary to refer to these strains as intermediates and sometimes to ignore 
them for classification purposes, which is unsatisfactory. 

The proposed schematic classification makes provision for these intermediate 
strains by providing a very elastic method for classification and nomenclature, 
which is based primarily upon metabolic characteristics (respiration and fer- 
mentation). The diagrammatic classification may be considered in either two 
or tlrree dimensions and consists of three interlacing circles or spheres arranged 
in such a way that not only does each circle or sphere interlace with each other 
but all interlace to a slight extent. Thus, a strain or type falling into an inter- 
lacing section may be regarded as intermediate to those two and called, for 
example, I-II, II-III, etc., and strains found to fall in the interlacing of all 
tlmee may be called I-II-III. To achieve this elasticity generic names have 
been abandoned inside the group with the exception of Streptococcus and 
Lactobacillus. 

It is of interest to note that the only marked differences between these two 
genera are: (i) morphology, (ii) rate of growth, (iii) final acidity in carbohydrate 
media, and even these sometimes overlap. Thus the separation of the cocci 
and rods and the placing of other rod genera such as Microbacterium, Propioni- 
bacterium, etc., nearer to Lactobacillus than Streptococcus in classifications is 
a ^nolation of the facts. 
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A C02-Sensitive Mastitis Streptococcus, By A. Cun'XIS'gtiasi, MAROAunT 
A. WxLsox and D. H. SfcLron (Edinburgh) 

Symptoms of a mild but rapidly spreading mastitis appeared in a dairy herd. 
The presence of organisms in milk samples from affected animals was indicated 
by the appearance of yellow floccular colonies in incubated samples containing 
brom-crcsol-purple (cf. Hotis test). Difficulty was experienced in isolating 
the causal organism. The only reliable method discovered was to incubate in 
closed vessels containing carbon dioxide (5-10 %). None of a large number of 
accessory growth factors, purine bases and crude extracts, incorpomted in 
ox-blood agar, could replace gaseous CO*. Growth was very poor or absent in 
the usual liquid media except milk, and could be effected ordy by incubating 
in air containing added CO*, or by tbc addition of 10% horse scnim or of 
1 % sodium bicarbonate if fermentable sugars were also present. 

This organism was a streptococcus, producing typical zones of /?-hacmolysis 
in ox-blood agar. The majority of the strains tested gave a positive precipitin 
reaction with Group G serum only, the negative results obtained wth some 
strains being probably due to poorness of growth in glucose broth. Most 
strains hydrolysed sodium hippuratc, fermented ncsculin and sahein, but not 
mannitol or raffinosc, and produced an acid clot in milk. 

Normal Group G streptococci, i.c. those growing in air, arc not infrequently 
found infecting the bovine udder, but rarely seem to j)rodiicc untoward symp- 
toms nor arc they contagious to any extent. The COj-sensitive tj'pc, however, 
produced quite pronounced symptoms and appcarctl to spread very rapidly. 
The source of tlie organism is doubtful, as the infection must have been present 
for a considerable period before isolation was cfrcctcd. This type of organism 
was isolated also from a single cow in anotlier herd under tlic same management; 
at one period this animal Iind been infected with a normal-type Group G 
streptococcus which became COs-sensitive aftern dry period between lactations, 

TIic infection was completely eradicated by the use of penicillin. 

Thanks arc due to the A.R.C. for a grant, part of which was used to cover the 
expenses of this investigation. 

Studies on Tick-Borne Fever in Sheep. By Angus Foggie {Gilmerion) 

The literature on tick-bomc fever is rc\'icwcd. The obscr\’ntion that, although 
cattle show no symptoms, the infective agent of tick-bomc fever may remain 
viable in their blood for up (o 27 days after artificial infection, is confirmed. 
The infective agent is shoum to be capable of survival in slorctl cilrated whole 
blood for 13 days. Plasma from an infected sheep, fiUerctl tlirough a I'bji 
gradicol membrane, is shovm to be infective, but the organism is rclaincd by 
n 1/t membrane. 

The morphology of the caxisaV organism is described and comparwl witli 
that ot Itickcttsia cams. It. bovis and E. ocina (Donalicn I,csto<juanl, 

The tick-borne fever organism, although presenting comparable morjdiologie.al 
characters, differs from these rickettsias in tlmt it pamsitircs the plmgoc>'lC5 
and not the large Ij-mphocytcs. 
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The close similarity between the diseases caused by these rickettsias and 
tick-borne fever is noted. In all cases the incubation period is followed by an 
acute febrile attack and, on recovery, there is a prolonged period during which 
the parasite remains viable in the blood stream without causing further ill- 
health. Recurrence of the acute symptoms may be brought about by a distur- 
bance of the balance between the reticulo-endothelial system and the parasite. 
Tick-borne fever has been shown to remain viable in a sheep for at least 20 
months and an acute attack may be provoked by splenectomy of a latent case. 

In the above rickettsial diseases and in tick-borne fever, it is difficult to 
produce a further attack of fever by reinfection while the animal is in the 
stage of premunition. 

The name Rickettsia phagocytophilia ovis is proposed for the tick-borne fever 
parasite. 

Factors Affecting the Organization of Submerged Cultures of Fungi. 

By R. B. Duckworth and G. C. M. Harris {Manchester) 

A Method for Expressing Numerically the Morphological Features of 
Submerged Cultures of Fungi, with Special Reference to PenicilHum 
chrysogenum, Q 176. By Muriel Butler and G. C. M. Harris {Manchester) 

The method provides a rapid, routine means of comparing the morphology 
of large numbers of cultures of PenicilHum chrysogenum grown under different 
conditions, and for recording observations in a convenient numerical form. 

It is applied to those morphological features, such as degree of vacuolation 
or autolysis of the protoplasm, which cannot be measured directly. The results 
are expressed by means of a numerical scale ranging from 0 to 6 which is 
applied to each character ; each number in the scale represents a certain stage 
in the expression of that character. Thus, in estimating the frequency of 
branching of the mycelium, a numerical result of 0 is given for those cultures 
in which no branching is observed, while the higher munbers of the scale are 
recorded for cultures having a much-branched mycelium. 

Estimations are guided by sets of standard photographs, one set being pre- 
pared for each character. Each set consists of a series of photographs corre- 
sponding vdth the numbers of the scale. The morphological features of cultures 
are compared with each set of standards in turn and an appropriate number 
recorded for each character present in the culture. 

This ‘comparative’ method of examination may be performed very rapidly. 
The maximum amount of time allowed for one culture at one stage of its 
growth is 20 min., but in practice it is found to be less since all the characters 
studied are seldom displayed by one culture. It has been found that the amount 
of variation in results obtained when the same cultures are examined by dif- 
ferent observers or on different occasions is very small. In addition, results 
wiven in a numerical form are easily included in graphs or tables. 

These advantages justify the use of the method in our present investigations 
and possibly its adaptation for similar work with other moulds. 
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Bactericidal Action of some Ouatemarj’ Ammonium Compounds \vhich 
contain more than one ParafiSnic Chain. 

By J. G. Davis, J. C. L. Ui:sugoan', Rodcrta Ive and 11. M. Wood {London) 
Following the development of dioctyldimcthylammonium bromide for a 
special purpose, and in view of the rather different projicrtics and bactericidal 
power of that quaternary compound compared to previous single long chain 
types, a number of quatemarj' ammonium compounds have been prepared 
w'hich all contain more than one hydrophobic chain independently attached 
to the nitrogen atom. Their bactericidal powers liave been established, and it 
has been found tlmt in the twin chain series beginning with dihcxyldimelfayl- 
animonium bromide and terminating with didodecyldimcthylainmonJum 
bromide anti-bacterial activity increases with the length of the clinins in a regular 
manner, w'hich w'ould be anticipated, w'hcrcas with long chain compounds 
bactericidal activity seems to terminate when there arc 18 carbon atoms in 
the one hydrophobic chain. In the twin clrnin series the total of 21 carbon 
atoms still does not appear to Imv'c reached the limit. A dinonyl comj)ouiul 
where the nonyl chains were not straight, but trimethylhexyl, was also prepared, 
and its activity found to be somewhere bctw'een the dihexyl compound and 
the diheptyl. This suggests, as indeed the authors Irnd previously suspected, 
that it is not the total number of carbon atoms in a chain which is significant 
but rather the number of carbon atoms wiiicli may be recorded ns being in 
a straight chain; thus branchings did not have very' much effect. 

It would appear that surface activity is influenced by the configumlion of 
the hydrophobic chain in this way and must be considered an important factor 
in determining tlie anti-bnctcrial activity of compounds of this class. Most of 
the compounds have been tested at two or three pH Jeveh against Gram- 
positive and Gram-negative organisms. TJicy all show a regular tendency to 
higher anti-bacterial aetinty wiicn the pU is in the rieighbourhood of 10*5 
to 11, In one or two cases where a more dclniletl study of the pll factor h.as 
been made a depreciation of activity seems to occur alx>ul pH 9*5, so that at 
that level activity is less llinn at 7*2 or at 10*4. This point will need conlirnm- 
tion for a v’arioty of other comiwunds before any generalization cun l>c ven turetl, 
Elev'cn compounds Imv'c been reported upon. 

The Immunological Relation between Haemophilus pertussis Toxic 
Filtrates and Haemophilus pertussis Extracted Toxin. 

By Axxin 31, Bkow.k {Carshalton) 

A rabbit which Imd failed to' respond to three coun»cs of II, jyrriussis toxic 
filtrate by the production of delectable antitoxin in its senun, gave .in im- 
mediate secondary response when injeclwl with //. pertussis cxtnicted toxiu. 
Similarly, a rabbit given a primary stimulus of II. pertussis extracted toxin 
show'cd a secondary' response when injcctctl with II, pertussis toxic filtrate. 
The two-nccrotie toxins, if not identical, must Ik: very* clo*;cly rclatwl. I urtlu r 
evidence was obtained by a comp.irison of the Ulrcs of anti-toxic sera deter- 
mined against lx)th these loxiivs. 
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The Detection and Isolation of a new Antibiotic from Culture Liquors of 
Streptomyces griseus. By M. Lumb {Nottingham) 

The production of antibiotics by Streptomyces griseus and many other bio- 
logically active organisms is a specific property of the strain and not of the 
species. 

Streptomycin-producing strains of Strep, griseus are known to form at 
least four antibiotics, namely Streptomycin (Waksman, Schatz & Reilly, 
1946), Streptomycin B (Fried & Titus, 1947), Actidione (Whiffen, Bohonos 
& Emerson, 1946), and an unnamed antibiotic isolated by Waksman et al. 
(1946), which appears to be contained to a greater extent than the other 
active products within the mycelium of the organism. 

A possible further new and active substance inhibitory to several yeasts 
and fungi has been detected by the inhibition of strains of Saccharomyces in 
ditch plate tests by culture liquors of Strep, griseus. An activity not sho^vn 
by Streptomycin or Streptothricin. 

This new antibiotic is produced in nearly all media under the normal 
conditions employed for the production of Streptomycin. In synthetic media 
the yields of this substance are such that various species of Saccharomyces are 
inhibited by 1 in 250 dilutions of 8-day surface culture liquors. The activity 
appears to disappear in prolonged fermentations, whether these be by the 
surface or submerged processes. 

The active substance differs from Streptomycin, Streptomycin B and Grisein 
in that it is soluble in common organic solvents and also in that it appears to 
possess no activity against Staphylococcus aureus, B. subtilis, E. coli or other 
tested bacteria. In these respects it closely resembles Actidione, with which 
it may be identical, although there does appear to be certain indications to 
the contrary. (Thus, for example, our substance appears to be completely 
innocuous while crude Actidione is said to be highly irritating to the skin.) 

The yeast active substance can be readily extracted from culture liquors 
by (1) adsorption on charcoal, (2) elution with organic solvents of which acetone, 
methanol and butanol were found to be the most efficient and (3) by vacuum 
distillation of solvent at 45° C. 

The crude substance at this stage is a brown solid (active against Strepto- 
myces logos at a dilution of 1 in 250,000). This can be freed of associated pigments 
and further purified by butanol. 

The charcoal remaining after the elution with organic solvent can be further 
eluted with acid methanol which will then yield normal recoveries of Strepto- 
mycin on subsequent treatment according to the Carter (1945) process. 

The active substance appears to be relatively thermostable, but it appears to 
lose activity' on prolonged storage even under refrigerator conditions at 4° C. 

The full range of the compound’s activity is not yet worked out but in ad- 
dition to its acti%dty against the yeasts it shows marked action against certain 
plant pathogens, including Cryptococcus neoforma7is and Coriicium solani. 

The compound appears relatively non-toxie, 40 g. miee tolerating a daily 
dose of 20 mg. of crude solid. 


Society for General Microbiology : Proceedings ix 

KEFEUENCES 

Carter, H. E., Ci>ark, R. K. Jr., Dickjiax, S. R., Ia50, Y, II., Skill, T. S. & 
Strong, W. A. (1915). J. biot. Chem, 160, 337. 

Fried, J. & Titus, E. (1047). J. hiol. Cheni. 168, 301. 

SciiATZ, A., Bugie, E. & WAKS^tA^% S. A. (1044). Proc. Soe, exp. Rio?., .V.Y., 55, CO. 
Waicsman, S. a., Sciiatz, A. & Reilly, U. C. (1040). J. Pact. 51, 753. 

WniFFEN, A. J., Boiionos, N. & Emerson, R. L. (1010). J. Pact. 52, 010. 

Susceptibility and Resistance to Staphylococcal Infection. 

By Iwo Lominski {Glasgoio) 

Clotting of plasma by Staphylococcus aureus requires two factors, Staphylo- 
coagulaseand an ‘activator*. The latter is present in rabbit and human plasma 
but deficient in the guinea-pig, mouse and fowl. Activator-deficient plasmas 
do not clot with staphylococci unless activator is added; activator-deficient 
animals are resistant to staphylococcal infection, but become sensitive when 
injected with elottablc plasma (Smith & Hale, 1944, 1947; Smith, 1918), The 
resistance of certain species thus appears related to deficiency of acliv'ator. 

The purpose of this study is to show that variations of resistance in nmn 
cannot be explained, like species resistance, by deficiency of activator. Another 
factor (Lominski & Roberts, 1940) called ‘inhibitory substance*, which prevents 
clotting of plasma by staphylococci, .seems responsible for differences of 
resistance within the human species. 

Experiments. By quantitative estimations of activator in sera it has Ijcon 
found that in most healthy individuals and patients suffering both from staphy- 
lococcal and non-staphylococcal conditions, the activator level w'as high; it is 
not correlated with staphylococcal infection. 

In contrast witli activator, the incidence of the inhibitory substance is 
significantly greater in the control population tlmn in those suffering from 
a staphylococcal infection. This suggests that the inliibitory substance jilays 
u part in man’s resistance to staphylococci. 

In I'ivo the action of tlic inhibitory substance was tested by giving one 
intraperitoneal injection to animals inoculutcii inlravenou.sly with virulent 
Staphylococcus aureus (three strains); Table 1 summarizes one experiment. 


Table 1. I'orty rabbits 

Human 


scrum no. 

Inlilbitor litre 

AntI-« litre 

Death 

J'\ir\ivnl 

None 





IR-SO lir. 

None 

1 

1:8 

None 

153-177 t>r. 

None 

2 

None 

1:20 

4 : 1-53 l»r. 

None 

3 

1:1000 

1;10 

None 

All 

4 

1:500 

None 

None 

All 


Conclusions. The ‘inhibitory sul>stancc* ran protect animals from a fatal 
staphylococcal infection or modify the course of the disease. 

From previous work and our ovsti it appc.ars tlmt sbiphyloeoagulnse is not 
antigenic; the inhibitor}' substance can thus not bo considerctl as an nnlilnxly. 
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Accordingly, the inhibitory substance would represent a new category of 
resistance factors. 

We are indebted to the Rankin Research Fund for a grant towards the 
expenses of this work. 
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Some Factors Governing the Formation of Spores in Bacillus anthracis. 

By J. W. Howie (Aberdeen) 

An actively sporing anthrax culture formed spores in nutrient broth witliin 
6 hr. at 37°C., as judged by development of heat resistance (60°C. x30 min.) 
in the culture. 

Spore-free baeillary suspensions were secured by passing this culture tiuee 
times direct from mouse to mouse and emulsifying the spleen in distilled water. 
Bacillary suspensions readily formed spores under circumstances which per- 
mitted growth of the bacilli but they did not form spores if subjected to such 
unfavourable conditions as rapid drying or low temperature. In the ice-chest 
(0-4° C.) bacilli did not spore and died in 6 days. At room temperatures ranging 
from 7*2 to 17*2° C,, bacilli in sterile milk failed to form spores and died between 
4 and 6 days. If the milk was kept at 26° C. spores formed between 2 and 4 
days. Spores were not found in mice that died or were killed up to 15 days 
after inoculation with spore-free bacilli. 

Mice that survived inoculation with spore suspensions still had viable spores 
in their spleens for at least 3 months after inoculation. 

Toxicity of Disintegrated Bacillus anthracis. 

By H. K. King and Jean Stein (Edinburgh) 

Bacilhts anthracis is one of the few highly pathogenic organisms in which, so 
far, there is no conclusive evidence of toxin production. The demonstration 
of an endotoxin would in any case prove difficult in view of the high temperature 
or drastic chemical treatment required to kill what is normally a sporing 
organism. In such cases, mechanical disintegration by shaking with minute 
glass particles (Curran & Evans, 1942; King & Alexander, 1948) has the ad- 
vantage of killing spores as readily as vegetative cells and with minimal risk 
of damage to labile cell constituents. We have, however, employed this 
method with negative results. 

B. anthracis (N.C.T.C. 5180: also our laboratory stock strain: average 
M.L.D. for 20 g. mouse, approx, 2000 organisms for both strains) was grown 
under conditions which it was hoped might simulate the natural conditions 
in the host, viz., on blood-broth, both aerobically, anaerobically, and semi- 
anaerobically, with and without the addition of 30% COg. Ordinary media 
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(nutrient and meat-digest broth; also serum brotli) were also tried. 20 hr. 
culture periods were used in most experiments, but periods of 6 hr. to 10 days 
were also used. Our experiments thus included both sporing and predomi- 
nantly vegetative cultures. pH values from 6 to 8 were investigated, and 
incubation at 22® as well as 37®. In all cases washed suspensions were prepared 
and shaken ^yith the glass particles (King & Alexander, 19iS) for several 
hours, until the suspension was either completely sterile, or Imd too low n viable 
count to affect the result. Mice were then injected (usually intrapcritoncally, 
sometimes subcutaneously or intravenously) with 800-100 million disinte- 
grated organisms. In no case did this large dose produce death or even manifest 
toxic symptoms. It is possible that the organism produces toxin in riVo butiiot 
under artificial cultivation (cf. Cromartie, Bloom & Watson, 1947; Watson, 
Cromartic, Bloom, Ileckley, McGhee & Weissmann, 1917). Wc infected mice 
with antlirax, and the spleens — containing vast numbers of the bacilli — were 
mechanically disintegrated. These disintegrates, too, were non-toxic when 
injected into mice. 

The validity of this mechanical disintegration as a method of preparing 
endotoxins was tested by experiments with Vibrio cUolcrae. Here we found 
that the lethal dose was of the same order for disintegrated ns for hcat-killcxi 


organisms. 
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The Vfrufcnce-Enlianccmcnf Factor of Gastric Muc/n. 

By n. K- ICiNG and A. F. MacCahf. {Edinburgh) 

Castles & Miller (1930) demonstrated timt infection could be established by 
intraperitoncnl injection (with certain bacteria) with a smaller number of 
organisms if the latter were suspended in a solution of mucin instead of some 
inert lluid such as saline. Gould Sc King (1947) demonstrated the possibility 
of obtaining from commercial hog gastric mucin (‘Granular Mucin Type 1701- 
W’, Wilson and Co., Chicago) a fraction in which this vinilcnrc-enhancemcnt 
factor was concentrated. Their method, involving n differential centrifugation 
tcclmique, has proved difficult to repeat, but wc have obtaincti more consistent 
results by the following method. 

An aqueous suspension of the mucin was adjiustod to pll 7-7*5 and nIIowr<I 
to stand at 0® overnight. It was then centrifuged at high speed (1-2 hr. at 
R.C.F. 20,000 xg„ using a Blitz or Sharpies centrifuge). Tlic viscous .super- 
nalaiit was discarded and the solid particulate matter dried anti then treated 
witli fomiamide. After allowing several hours for the material to disperse in 
the solvent, the insoluble matter w.as centrifuged down (15 min. on an ordinary 
centrifuge — R.C.F. 2000 xg.) and discartlctl. The formaniidc solution was 
dialysed against water to remove the fonnamide and the remaining suspension 
frcezc-drictl. 
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This product represented 4% of the original mucin and exhibited about 
twelve times its virulence-enhancing potency. It dissolved in water at slightly 
alkaline pH to give an almost non-viscous solution. It is not identical with the 
human blood-group A factor known to be present in hog gastric mucin 
(Morgan & King, 1943): this remains in the first viscous supernatant. It 
retained, after prolonged dialysis, 11 % of mineral matter, and contains 7*7 % 
N (Kjeldahl). It is probably still not homogeneous and therefore.no detailed 
chemical investigation has been undertaken. The Molisch and Sakaguchi 
(arginine) reactions were strongly positive, the biuret and Millon reactions 
positive, the tryptophane reaction weak. 
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Molybdenum and Formic Dehydrogenase of Bacteria. 

By Jane Pinsent [London) 

It was found that when coliform bacteria were grown on an inorganic medium 
containing nitrate, from which trace-metals had been removed, that no formic 
dehydrogenase was produced imless molybdenum was added to the growth 
medium. 

The medium containing glucose, lactate, nitrate, ammonia and phosphate 
was purified by extracting with 8-OH quinoline in chloroform solution; all 
glassware was Pyrex and carefully cleaned (Waring & Werkman, 1942). Mg 
and Fe were added to the purified medium in concentrations of 5 and OT fig.jml. 
respectively, and Cu, Co, Mn and Zn in concentrations of 0-01 fig.jxal. 
Growth was not afiected by the omission of molybdenum, but the final pH of 
the medium was in general low'er if no molybdenum was present. 

The cells were harvested and washed, and formic dehydrogenase activity 
estimated manometrically by oxygen uptake with formate as substrate, and by 
reduction of methylene blue in Thunberg tubes. The Qq’ deficient cells was 
usually 10 or less, while that of cells grown in the presence of molybdenum was 
70-100. No effect on Qq, observed on adding molybdenum to washed 
suspensions of deficient cells. 

In the medium used the yield of cells obtained was of the order of 200 mg./l. 
Under these conditions, a maximum effect was obtained by adding molyb- 
denum as ammonium molybdate to a final concentration of 10~® g. atom 
]Mo/l. A detectable effect was produced at 10~^° g. atom/1. The effect was 
specific, and molybdenum was not replaceable by vanadium, selenium, 
chromium, tungsten or uranium. 

Molybdenum does not appear to be necessary for the production of formic 
dehydrogenase if nitrate is omitted from the growth medium. 
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Some Aspects of Sulphur Metabolism in Soiis. 

By H. Glcen {Long Ashton, Bristol) 

Using a soil perfusion technique (Audus) it has been possible to study tlic 
dynamic bio-chemical changes of certain sulphur compounds in soil. (Glccn 
& Qimstcl, unpublished.) 

The metabolism of tliiosulphates and other polythionates in soil is complex 
and is influenced by the specifle conditions prevailing in the soil environment. 
Thiosulphate undergoes two types of biological oxidation in soil: (1) to tetra- 
tliionate and sulphate, the tetrathionate being further oxidized to sul])hntc, 
(2) to sulphur and sulphate. 

The tetrathionate can be biologically reduced to thiosulphate and a cyclic 
process can be established. 

Bactcria-enriched soils oxidizing thiosulphate may be obtained by perfusion 
of thiosulphate alone and may be studied ns a specific enzyme system: using 
a new Warburg technique respiration studies of these soils may be obtained 
and it has been sho^vn that the oxygen uptake required to metabolize a known 
quantity of thiosulphate conforms to the formxila 

NajS jOj + 4(0) +II.O = 2NaIIS0* . 

Tetrathionate and trithionatc arc metabolized by the same enzyme system, 
but not dithionates or sulphur, and oxidation seems to depend on tlic activation 
of a polythionasc system due to the presence of unsaturated sulphur groupings 
in these sulphur compounds. 

Thiocyanate is also metabolized in soil by anotljcr specific microflora (Glccn, 
unpublished) and is oxidized to ammonium sulphate and carbon dioxide ns 
follows: 

2lSrnCKS + 40a+4rr,0«NasS04+(Nn4)jS0|-f-2C02.. 

Soils can be enriched by thiocj*anatc perfusion, and these will also mein- 
bolizc thiosulphate and tetrathionate but not dithronate, whicli suggests that 
a similar enzyme system is present in these organisms ns in the tliiosulphatc 
oxidizing organisms. The reverse is not found. A thiosulphate-enriched soil 
will not metabolize thiocyanate, j>robably due to the toxic action on these 
bacteria. 

Adaptation of the thiocyanate organisms to concentration of thiocyanate 
can be shown. Tlie rale of oxidation of thiocyiinalc increases to u maximum 
at si/25 approx., diminishing to zero at m/5 thiocyanate, 

Oj uptake of these thiocyanatc-cnrichcd soils has also been studied, and it 
lias l)ccii demonstrated that the enzyme system resjion.sible for this oxidation 
is a constitutive one. 

IU':rEUKXCT5 

Aunus, h. J. (10 JO). SaUtre, Land., 158, 410. 

The Action of Micro-organisms on Pyridine. By T. W. Moonr.(/fin'n ng/mai) 
When pyridine solutions arc ndd«l to the soil, the following facts Imve !>ccn 
cstahlishctl: (1) the pjTidinc disappears (Buddin, 1014); (2) there is a mnrkal 
increase in the numbers of bacteria present (Bobbins, 1017); (.1) the nitrogen 
of the pyridine ring is rapidly made available for plants (runchess, 1917). 
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Pyridine can act as sole source of nitrogen for a number of micro-organisms, 
including laboratory strains of Aerobacter aerogenes and Serratia viarcesccns 
(den Dooren de Jong, 1926). Growth of pure cultures of Proactinomyces is 
possible in a medium containing pyridine as sole carbon and nitrogen source 
(Moore, 194.8). ^ 

The carbon -.nitrogen ratio of pyridine is approximately 4:1; and as the 
organism must obtain its energy by the oxidation of part of the pyridine, it is 
probable that the ratio of the amounts of carbon and nitrogen available for 
assimilation will be considerably less than 4:1. Thus it is unlikely that the 
organism can assimilate all the nitrogen present. Tests for the presence of 
inorganic nitrogen compounds in culture filtrates were all negative except in, 
the case of ammonia. 

The ammonia content of culture filtrates from media containing 0-05-0-30 % 
pjT’idine were estimated and recorded graphically. The resulting curves showed, 
that in the case of 0-05 % pyridine, the ammonia content reached a maximum 
after 20 days and that the ammonia released corresponded to 87 % of the total 
nitrogen added to the medium in the form of pyridine. 
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Group Relationships between Bacteria Shown by Amino-acid Metabolism. 

By H. Proom and A. Woiwod {Beckenham) 

The amino-acid and polypeptide composition of bacterial filtrates from cultures 
of 250 strains, representing eighteen different genera, has been examined by 
single dimensional partition paper chromatography using the technique 
previously described (Woiwod & Proom, 1948). The cultures were examined 
after growth for 3 days at 37° C., during which period the pH remained slightly 
alkaline, and also after being held for a further 7 days at both slightly alkaline 
(pH 7-6-8-5) and acid (pH 4-5) reaction. Some of the effects observed are 
reported here. 

(a) The removal of amino-acids during the first 3 days of growth. When the 
chromatograpliic picture of the filtrate is affected by the growth of any or- 
ganism, the serine spot is always the first spot to decrease in intensity. Serine 
would therefore appear to be an amino-acid of particular significance in bac- 
terial metabolism. With Gram-negative organisms the aspartic acid spot is 
not affected, but with most Gram-positive organisms the aspartic acid is 
rapidly removed. The medium used contains appreciable amounts of ammonium 
salts, and with those organisms which grow on media containing inorganic 
nitrogen as the sole source of nitrogen, there is practically no change in the 
chromatogram during the initial growth stage. 
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(6) The order of the disappearance of amino-ocUh during the lO-day period. 
Bacterial growth is practically complete during the first 3 days, but when the 
cultures are examined after a further 7 days other extensive changes in the 
chromatogram may be observed. The chromatographic picture suggests tJial 
these clianges occur in a well-defined order which may be cliaractcristic of the 
species or group. 'With Proteus at either acid or alkaline reaction the order of 
disappearance of the amino-acids as they occur on the chromatogram is serine, 
leucine group, valine group, glutamic acid, alanine, the basic amino-acid group 
and finally aspartic acid, leaving two polypeptide spots. With B. coli at acid 
reaction serine, the basic aminO'acid group, glutamic acid and alanine dis- 
appear, followed by the appearance of a jiolypcptide near the tjTosinc position 
on the chromatogram. Finally, the valine group and leucine group, followed 
by the polypeptide and aspartic acid, disappear. 

(c) The appearance of species^ or group‘SpeciJic poli/pcptulca. 3Iany species 
s^mthesize extracellular polypeptides which arc species or group specific. The 
followng are examples: Proteus^ Staphylococcus, Cl. telani, Cl. bifermentans at 
alkaline reaction and Cl. perfringens, E. coli and Shigella at acid reaction. 
These polypeptides always appear concurrently with other changes on tlie 
chromatogram; the tetanus pclj^pcptide with the disappearance of glutamic 
acid, the bifermentans polj'peptidc with tJ)c disappearance of prolinc and the 
staphylococcus polypeptide with the disappearance of alanine, and so on. 
The structure of these polypeptides has not yet been examined, but in the 
case of Cl. tciani the polypeptide spot was eluted from the paper and hydro- 
lyzed. In spite of the fact that a slight reduction in serine and a marked rctluc- 
tion in glutamic acid were the only other changes noted on the chromatogram, 
the polypeptide hydrolysate contained most of the known amino-acids and 
the polypeptide therefore was not a polymer of glutamic acid, ns miglit Imvc 
been expected. 

Although it IS too early to state the form it will take, it is evident that it 
will be possible to make a reasonable classification of bacteria based on their 
nmino-acid metabolism as shown by paper chromatography. This siiould be of 
considerable value in determinative bactcriologj', since it is probable tlmt 
amino-acid and protein nicUiboUsm have more pliylogenctic significance than 
the physiologic.al reactions concerning carboliydmtc metabolism which are 
in more common use. 
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Microbial Breakdown of Structural Starches in the Digestive Tract. 

By F. Baker, H. N.\stt and F. Mounicc (./6mhrn) 

Direct microscopy has been employed to compare llic relative importance of 
microbial agents and digestive secretions in the breakdown of raw mnir^ and 
raw potato starches during passage through the di;prstivc tract of rats, mice, 
hamsters, rabbits, guinea-pigs, domestic pigs nnd oxen. Disintegration of the 
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starch granules was determined by noting loss of birefringence in polarized light 
and alteration of histochemical reactions to iodine and Congo red. In rats, 
mice, rabbits, guinea-pigs and pigs, maize starch was broken do'wn by digestive 
secretions in the small gut. Bacterial action was inconspicuous and few granules 
reached the caecum. Potato starch, on the contrary, mostly escaped digestion 
in the small gut and large numbers of granules were’ observed in the caecum 
in process of disintegration by bacteria. In mice, tuber starches such' as canna, 
tapioca and maranta arrowroot showed a similar picture to that with potato 
starch. Amongst cereal starches, rice and wheat showed a similar picture to 
maize. In ruminants both maize and potato starch were attacked in the rumen, 
the maize more rapidly than the potato. In the hamster bacterial disintegra- 
tion of maize and potato starches was observed in the stomach diverticulum as 
well as in the caecum. Microbial breakdown was throughout associated with 
a marked rise in density of the Gram-positive and iodophile microflora. The 
bacteria immediately concerned in disintegration exercised their action in situ 
upon the surface of the granules. Structural factors influenced the mode of 
breakdown and dietary value of potato starch for rats fed a diet lacking vitamin 
B. Through the kindness of Drs L. H. Lampitt and D. B. Hughes of Messrs 
Lyons’ Laboratories we were able to study potato starches ground in a ball 
mill to 31, 86 and 98 % solubility in cold water and to compare the picture with 
unground starch. Unground starch was associated with light-coloured bulky 
faeces and refection: that is to say, the rats gained weight and remained well 
although their diet lacked, vitamin B. But if the starch was ground to 98 or 
86 % solubility most of it was digested in the small gut, the faeces were dark and 
the rats lost weight and showed symptoms of avitaminosis, including acrodynia 
and polyneuritis, which culminated in death of the animals. 

These observations led to cultural and other investigations which are still in 
progress. A large iodophile butyric-acid producing clostridium, directly as- 
sociated with the disintegration of granules in the caecum of pigs fed potato- 
starch diets, was isolated in pure culture. This organism broke down structural 
as well as soluble starches in vitro. Cell-free filtrates of fluid cultures showed 
powerful amylase activity. The rate of groAvth and amylase activity were 
greatly accelerated by addition of biotin and p-aminobenzoic acid to certain 
of the media used for culture of the organism. A preliminary microbiological 
assay demonstrated that the organism was capable of synthesizing riboflavin 
and nicotinic acid. 

Grateful acknowledgements are due to Drs M. McNaught and E. C. Owen 
of the Hannah Dairy Research Institute, Kirkhill, Ayr, for undertaking for us 
the feeding and other experiments Avith oxen. 

‘Trace Elements’ in Rumen Micro-organisms. 

By R. L. Mitchell and J. Tosic {Aberdeen) 

It is knoAvn that certain ‘trace elements’ are essential factors in animal nutri- 
tion, for if they are in short supply in the diet deficiency diseases may result 
(for reAUCAA's see: ^laynard & Smith, 1947; Russell, 1944). The mechanism of 
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action of such small quantities of trace elements is still cither unkno^sm or 
obscure, but they have been invariably associated with the direct requirements 
of the animal. In a recent study of cobalt concentration in different fractions 
separated from the rumen contents of sheep, it Iws been for the first time 
demonstrated (Tosic & Mitchell, 1948) that: (/i) micro-organisms of the nmicn 
accumulate cobalt from their external environment; (I'd the concentration of 
cobalt in the microbial population of the rumen is related to the concentration 
of cobalt in the diet; and (c) a large proportion of cobalt present in the rumen 
contents is situated in the micro-organisms, the concentration in the external 
emdronment being very loir. This work lias now been extended to copper, 
nickel, molybdenum, zinc, vanadium, titanium, manganese and iron. 

Table 1. Contenis of Cu, Ni, Mo, Zn^ V, Ti, Mn, and Pe in microbial and 
other fractions separated from rumen contenis of sheep gaining xceight on 
adequate hay diet 

P.p.m. In dry malUr 

Flection of Tumen t -• ■ ■* , 


contents 

Cu 

Ki 

Mo 

Zn 

V 

Ti 

Mn 

I'c 

Microbial (I) 

40-5 

10 35 

107 

13C 

2-00 

87 0 

303 

783 

Microbial (11) 

aoo 

uoo 

5*88 

220 

2-10 

531 

252 

D02 

Blicrobial (III) 

72-0 

8-72 

3-27 

180 

0 DO 

2 IT 

212 

535 

Plant particles (IV) 

11-5 

108 

0-23 

31 

0-28 

lOT 

118 

118 

Supernatant (V) 

ai-2 

2’CO 

0C7 

12 

0-« 

8-1 


30 

Hay as fed 

0-8 

l‘ll 

0-48 

35 

0’72 

30-0 

150 

200 


From our findings, summarized in Table 1, it is seen that Cu, Ni, .Mo, and Zn 
arc some ten times more concentrated in micro-organisms of the rumen (in an 
adequately fed sheep) than in the food on whicli this animal was maintained; 
in case of V, Ti, ^In and Fc the extent of accumulation is less pronouncwl. The 
rumen liquid from which fractions I-W were separated still retained some 
suspended micro-organisms, and figures for the supernatant (V) for some of the 
reported ‘trace elements’, arc probably mainly due to them. Taking into 
account the contribution of each of the separated fractions towards the dry 
matter of the unfractionated rumen contents, wc find that a large proportion 
of Ni, Mo and Zn, and to a lesser degree of V, Ti, Mn, and Fc of nmicn contents 
is situated in micro-organisms of Ihcnimen. Although it is known (Waring ^ 
Wcrkmnn, 1912, 1044) that iron is a necessary growth factor for Arrolacter 
indologencs, and that Fe deficiency suppresses certain enzymic activities of this 
organism, there is little published information on the requirements and role 
in bacterial metabolism of other elements rc|>orlcd in this communication. 

Tlic accumulation of certain ‘trace elements* in micro-organisms of the 
rumen and some organs of the host, and their distribution hctuccn micro- 
organisms of the alimcnturi' canal and their external environment may nssumc 
some importance in aetiology of diseases due to a deficiency of certain ‘trace 
elements’. nEFEnEXCIJS 
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The Bacterial Surface. Entry of Amino -acids. 

By K. McQuillen and P. D. Mitchell {Cambridge) 

In a series of studies which have appeared in volume I of The Journal of 
General Microbiology, it has been shown by Gale and his collaborators that in 
growing cultures of Gram-positive organisms, lysine and glutamic acid of the 
medium are collected by the cells and concentrated internally, apparently in 
the free state. Lysine becomes concentrated in resting cells spontaneously, 
while the collection of glutamic acid requires the metabolism of some energy 
yielding substrate. Since this ability appears to be peculiar to Gram-positive 
organisms, we thought it of interest to attempt to obtain more information 
about its mechanism. 

The studies described in this paper were made on Strep, fecalis (Lancefield 
group D) by electrophoresis, using a cylindrical cell and determining the 
electrophoretic velocity microscopically in the stationary layer under a known 
potential gradient. 

When suspended in solutions of ionic strength 0*005 or greater, the mobility 
of cells containing little lysine or glutamic acid is not changed after araino-acid 
accumulation has occurred. This shows that little or no amino-acid is adsorbed 
at the external surfaces of the cells. 

At ionic strengths below 0*005, the presence of lysine in the cells causes 
a decrease in mobility (a reduction of the net negative charge) which becomes 
more pronounced as the ionic strength is lowered. 

Theoretical considerations by Mitchell, to be published in due course, in- 
dicate that at very low ionic strengths, when the double electrical layer 
becomes very thick, the material underlying the surface of the bacterial cell 
contributes to the net charge. In the light of this, it seems significant that the 
change in the net charge brought about by the lysine becomes appreciable 
when the thickness of the double layer is of the same order as that of the ex- 
ternal envelope of the cells. Electron microscope and direct gravimetric 
determinations agree in estimating the envelope thickness as about 100 A. 

These observations are equally compatible with two mechanisms for the 
collection and retention of lysine by streptococci. Either the lysine may enter 
under a potential gradient and become uniformly distributed inside some 
structure about 100 A. below the external surface of the cells, or it may be 
retained by adsorption. But in the latter case, the part of the lysine which 
contributes to the change in net charge must be situated about lOOA. from 
the cell surface, that is, in the vicinity of what is normally accepted as the 
plasma membrane. 


Estimation of Groivth Rate of a Staphylococcus. By P. D. Mitchell and 

T. Valyi-Nagy {Cambridge) 

For purposes beyond the scope of this paper, we were interested in estimating 
the rate of growth of Staph, aureus Duncan rather more accurately than is 
possible by the usual methods. 
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Tlie factors determining reproducibility nnd absolute accuracy fall naturally 
into three groups associated u-ith conditions of growth, technique of sampling 
and method of estimation of gron^h. 

The organisms were gro^vn on n casein hydrolysate glucose medium buf- 
fered wdth phosphate at pH 6-5; and a verj^ simple technique was developed 
for maintaining standard conditions of stirring and aeration in the cultures 
during growth. 

Samples were witlidrawn from the culture witlx sterile pipettes and growth 
stopped by cooling the samples to 0®C. or mixing with a small volume of 
formaldehyde solution to give a final concentration of 1 %. 

Tlie determination of the growtli was made by direct gravimetric estimation 
of dried organisms for values above 500 y/ml., and witli the Beckmann plioto- 
electric spectrophotometer for values domi to iO y/mb 

When the dry weight is determined in the sjicctrophotometcr, for wavc- 
lengtlis in the blue and ultra-violet, in midition to tlic light scattering by the 
cell suspension, there is an appreciable absorjxtion by tlie constituents of the 
cells. The strongest absorption at 200 my< would be accounted for by 10 % dry 
weight of nucleic acid, while a subsidiary absorption at 280 m/i is presumably 
duo to the proteins of the cells. When the light scattering is reduced by sus- 
pending the cells in glycerol, an absorption curve very similar to that of a 
nuclcoprotein is obtained. The possible value of such measurements is obvious. 

The sensitivity of the photometric mcasurcnicnls of growth is greater in the 
blue and ultraviolet than in the red; but the relationship between the photo- 
meter rending and dry weight is subject to more complex changes in the region 
wliere constituents of the cells absorb strongly than in the region wliere 
scattering is predominant. Accordingly, most of our measurements were made 
at 850 m/(. 

As our medium absorbed in this region, it was necessary fo centrifuge 
samples during growth to use ns controls. Precautions were necessary in the 
sampling tcclmique to avoid small dilution errors since these would cause 
large photometric errors. 

Over the range of our cstimatiom, the mean deviation of the determinations 
was approximately I %. The growth curves from llie fatter part of the fag 
phase to close to the maximum slntionwy' pliasc were reproducible to within 
the limits of error of the methods of sampling ami estimation. 

TIic rate of growth is a function, not of the age of the culture, but of the 
bacterial population density. It follows Uiul for growth on a given medium, 
the cell )>opulntiou density is often a heller index of the physiological con- 
dition of the cells than the age of the culture. 

Electron Microscope Studies of the Adsorption of Certain Viruses on 
Fowl Red Cell Membranes. By I. M. Dawsos and W. J. Euoun {I.omlm) 
Carefully prepared suspensions of Iake<I fowl retl cells adsorb viruses of (he 
influenza, Newcastle disease, fowl plague nnd mumps group ns well us do the 
intact cells, under appropriate conditions. Wc have l>ecn able to mount nnd 
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shadow with palladium for examination in the electron microscope such laked 
cells following contact with virus suspensions. Most striking photographs of 
the above-mentioned viruses adsorbed to the cell membranes have been 
obtained. There appears to be no regular pattern of adsorption, the particles 
being distributed randomly, with occasional tendency to chain formation. 
Adsorption is quite selective and excellent fields are obtained after shaking 
the ‘ghosts’ with undiluted allantoic fluid. Furthermore, the degree of ad- 
sorption indicated by direct counts of the particles per given area of membrane 
provides a basis for the roughly quantitative interpretation of some virus-cell 
relationships. The implications of our experimental results to date will be 
discussed. 
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numerically the morphological features of submerged cultures of fungi, with 
special reference to Penicillium chrysogenum.' 

Mary E. Adams, K. B.. Butlin and Margaret Thomas [Teddington). ‘The 
morphology of sulphate-reducing bacteria.’ 

A. Foggie {Gihnerton). ‘Tick-borne fever bodies in leucocytes.’ 

D. Slavtn {Gilmerton). ‘The sterilization of large quantities of broth by 
filtration.’ 

D, Slavin {Gilmerton). ‘The intermittent aeration of broth cultures during 
incubation.’ 

J. Cruickshank {Aberdeen). 
media,’ 

J. Cruickshank {Aberdeen). 

Sea fish.’ 

J. Cruickshank {Aberdeen). ‘ Demonstration of “ sugar ” reactions on nutrient 
agar plates by the use of strong solutions of sugars (10-50 %) and the Liesegang 
rings which are produced,’ 

J. Cruickshank {Aberdeen). ‘The production of bacterial cellulose and the 
properties of the “Paper” so formed, with a mention of its use in chemical 
research.’ 

F. Baker, H. Nasr and F, Morrice {Aberdeen). ‘Microbial breakdown of 
structural starches in the digestive tract.’ 

P. D. ^Mitchell {Cambridge). ‘A simple device for aeration and stirring of 
cultures.’ 

G. B. Ludlam {Edinburgh). ‘A selective medium for isolating Staph, aureus 
from heavily contaminated material.’ 

Helen Ross {Beckenham). ‘ ^lorphological variations shown by Cl. welchii 
tj^ie B prior to spore formation.’ 


‘ Bacteria whose colonies are migratory on solid 
‘A collection of luminous organisms from North 
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THE SOCIETY FOR GENERAL MICROBIOLOGY 

The Eighth General Meeting of the Society teas held in the Royal JnstitutioUf 
Albemarle Street, London, HM on Wednesday and Thursday, 20 and 21 April 
1049. On the 2Qth there teas a Symposium on *Thc Nature of the Racicrial 
Surface\ to xchich the folloiving contributions tccrc made: 


COMMUNICATIONS 

Introduction to the Symposium. By N. \V. Pmrn {Rotha7nsted), Chairman 
The Surface Structure of Shigella shigae as revealed by Antigenic Analysis. 
By W. T, J. Morgan {London) 

The Nature of tlie Surface of Gram-Positive Bacteria. By M. Stackv 
{Birminghatn) 

The Osmotic Barrier in Bacteria. By P. Mitcuei.l {Cambridge) 

On the Mechanism of Adsorption of Bacteriophages on Host Cells. By 
T. F. Andurso.v {Philadelphia) 

The Status of Some Arguments about the Bacterial Surface. By A. A. Mh.ks 
{llatnpstead), Chairman 

The Nature of Bacterial Surfaces. By E. T, C. Sroosnn (Z^oin/on) 

Capsule Formation In the Pneumococcus. By HAitiamTE. Tavi^r {Paris) 
Bacterial Surface, Flagella and MoUIIt>’. By A. Purcit {Pretoria) 


On 21 April the follotcing Original Papers and Demonstrations icere presented : 
Some Factors Affecting the MultipHcaUon of Coiiphagc. By D. E. Boi.uy 
and J. W, CzcKALOwsKi {Leeds) 

Enzyme Inliibitors and tJic S\-nthesls of Coiiphagc. By J. \V. C/.i:kalo\yski 
and D. E. Uoldy {Leeds) 

Filamentous Structure Associated with Newly Isolated Strains of Influenza 
‘ Virus. By C. M. Ciiu, I. Dawson and W\ J. Ei.rouo {Ilarnprtrad) 

Growth Inhibitorj' Effect on Shigella dysenteriae which Occurs with Some 
Batches of Nutrient Agar and Is Associated with the Production of 
Peroxide. By If. Pkoou, A. J. \Vonvoi», J. M. Barnt.s and IV. G. Oiuu;u. 
{lieckenham) 

Papain digest hrotiLs containing 7-5 g. TX/I. and 3-5 g. TX/I- were snhjcctcfl to 
n number of tests nsing .S7j. dysenieriae, strain CN PJl, as the test organism. It 
was found that, with n inotlcrntc inoculum, the total growlli after 21 hr. 
ineubalion was greater witli the strong broth. The smallest inoculum to groAv 
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was the same with both broths. When the broths were eonverted into nutrient 
agars the total amount of growtli was the same when a heavy inoculum was 
used. However, the number of colonies which appeared, after plating with 
dilute inocula and subsequent incubation, were from 10 to 100 times greater 
with the agar made from the weak broth. 

When the agar made from the strong broth was progressively diluted with 
saline agar, the number of colonies which appeared, after inoculation with 
dilute inoculum, increased and continued to increase until the medium was no 
longer capable of supporting growth. When silica gel was substituted for agar 
the phenomenon could not be reproduced. There was apparently no difference 
between diluted and undiluted broths. 

Evidently from these experiments a growth factor was not involved. The 
phenomenon was not due to an inhibitor present in the agar, since dilution 
with saline agar increased the number of colonies which grew. It was not due to 
an inhibitor in the broth, since the smallest inoculum to grow was the same in 
both broths. 

Sh. dysenteriae was then included as a test organism for the routine bacterio- 
logical testing of batches of nutrient agar. The test consisted of placing dilutions 
of an overnight broth culture of the organism on agar plates using the Miles 
and Misra (1938) technique. 

It was noted that there was considerable batch variation. A ‘good’ nutrient 
agar v^ould give confluent growth with an inoculum dilution of 10-^, numerous 
colonies with lO"® and about 20 colonies with 10-®, A ‘bad’ agar would give 
confluent growth with 10~^ and a sharp cut-out with no growth at 10-®. A ‘ good ’ 
agar could be turned into a ‘ bad ’ agar by autoclaving several times. The ‘ good ’ 
and ‘ bad ’ agars were indistinguishable when tested with Staplu aureus or Sh. 
paradzjsenteriae. It was remembered that both these organisms, in contra- 
distinction to Sh. dysenteriae, produce catalase. The inhibitory effect present 
in ‘ bad ’ agar was removed by dilution with saline agar. 

Using a spot technique it was found that a number of substances such as 
IMnOj , some vegetable extracts, blood or purified catalase would neutralize the 
inhibition. A ‘bad’ agar could be turned into a ‘good’ agar by the addition 
of 1 g./l. of BlnOj. In the presence of this quantity of MnO„ it could be re- 
autoclaved and would remain satisfactory. After filtration to remove MnOg it 
was still satisfactory, but on re-autoclaving it again became inhibitory. 

From these results it seems obvious that some broths heated in the presence 
of agar iJroduce an inhibitory substance which is almost certainly a peroxide. 
The removal of the peroxide reverses the inhibitory effect but does not' in- 
fluence the capacity of the broth to produce further peroxide on re-heating. No 
information is available as to the nature of the substances involved or the 
reasons for batch variation. Reducing the heat to a minimum during the 
preparation of both the broth and the agar reduced the number of bad batches 
produced. 
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The Formation of GO™ and Acetoin from Pyruvate by Lactobacillus 
plantarunis By BuzAnnxii IIowatt {ShcJJlcUl) 

Washed snsj)cnsions of Lactobacillus pUintarum (N.C.T.C. 7‘J20) decompose 
pyruvate to give acetoin and COj, with a Qco^ at pll 4 and .•J7° of 150-000. Tlic 
rate of COj evolution under these conditions slows down after 10-00 min. 
incubation with substrate. At lilghcr pll, tiic rate of reaction falls more slowly, 
showing that the low pll accelerates inactivation. Glucose increases the initial 
Qoq, niid delays the fall in activity. If cells arc incubated at j>n 4 at 87“ 
witliout substrate and then incubatcti witli pyruvate, very little COj or acetoin 
is found. Glucose and a boiled extract of ycjist restore inueli of the activity 
when added together, but not when added scpamtcly. The reaction is restored 
to a lesser extent by manganese and nmgncsiuiu salts with glucose. 


Staining of Flagella. By A, Vouur.KA and A. Fu'.minu {Pailflitiglon) 

The object of this eoinnumication is to bring out two points: 

(1) A method of growing bacteria in slide culture for examination by phase 
contrast and subsequent staining. The bacteria are spread on a covcf'slip and 
allowed to dry. Then two or three drops of nutrient agar (or agar containing 
penicillin) at a temperature of 48-5t)* arc dropped on the cover-slip. As soon ns 
this has set the agar covcreil slip is inverted on a inicroseope slide ami is llicn 
ringed-with parulVm or put in a moist chamber to prevent drying. After a 
suitable incubation at 87“ or room Icmpcniturc, the culture was e.xjimined 
by phase contrast without any disturbance, and if it apjieared in the right stage 
the coi'cr-slip was rcinoi'o<l with forcci>s when it invariably carrictl with il tin* 
agar. ^Vc then had a covcr-slij) with a culture between it luul a layer of ag:ir 
about 1 nmi. in thickness. This could be placcil in a batli (»f fonnaliu and the 
culture fixed in silit. 

(2) After fixation for 'Z days in fornmliii (uiidihitcsl) it was fouiul that when 
flagella liad been seen in tJic living culture by pliiisc contnist tliey couhf be 
stninctl without mordaiUing by many simple stains. The best we found to In- 
Night Blue (Gurr), a saluratetl watery solution. Tune of staining 5 min. 


The Effect of PcniclIUn on Morphology. By W. If. Iluonns, f. H. II. Iviiamkii, 
and A. Flusiinu 

It is well known that sublcUmi doses of penicillin m thcculttin*mc-<hum pmdtuv 
morjihological clmngcs in many bacteria. The phase-contrast imeroseopt! nllow-. 
these changes to be observed very easily when bnctirifi arc grown on agar 
containing j>cnicil!in in miniature Sliile culture’ which can he obscrveil mthout 
disturbance. Most of our work was done with Pnilcus i*w(gerit. Ilic changes 
obscn'cd vary with (1 ) tcnipcnitmx*, (2) concentration of penicillin. (.7) prix-ncr 
of free fluid between agar and cover-slip. 
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The changes seen are: 

(1) Enormous elongation. These rods, which are perhaps five times thicker 
than a normal bacillus, may be anything up to 200 /«. in length. 

(2) Productions of single or multiple swellings on the rods. These may be up 
to 20/1 in diameter and of irregular outline when the agar is tight against the 
cover-slip, but are spherical and smaller when there is free fluid. Often com- 
pletely spherical forms of 6 /t or less are seen actively motile. 

(3) Branching. This is common when there is a small amount of free fluid 
under the cover-slip and the concentration of penicillin is 10 units/ml. 

The changes happen most rapidly at 37° and with higher concentrations 
of penicillm. The enormous elongation and branching occur best when the 
culture is grown at room temperature (18° or less). 

The movements of the mis-shapen organisms are fantastic. With the very 
long forms there is a tendency to form whorls which rotate for hours in the same 
microscopic field. 

Similar but less marked changes are seen with B. typhosus and B. coli, also 
with V. cholerae. With this last organism spiral forms are produced indicating 
that growth has proceeded up to the point of the new organism acquiring a 
curved form but there is no separation of the individual elements. Enormously 
long twisted forms are produced. 

In these abnormal forms nuclear material could, by appropriate staining, be 
demonstrated at intervals along the threads and often there seemed to be 
a concentration in the bulbous swellings. 

On transfer to medium containing penicillinase these abnormal forms divide 
into normal bacteria, 


The Advisory Bacteriological Nomenclature Committee: its Aims and 
Objects. By A. A. Miles {Hampstead) and S. T. Cowan {Elstree) 

The terms of reference of the committee include drawing up a bacteriological 
nomenclature acceptable to most British workers, and forming opinions on 
problems to be discussed by the International Nomenclature Committee and its 
Judicial Commission. 

Nomenclature must be based on a systematic classification; subcommittees 
have been set up to make detailed recommendations on the definitions of 
genera and the reeognition of speeies within them. The committee intends to 
work out a classification that is historically less comprehensive than Bergey’s, 
a system from which inadequately described species will be excluded ; in short, 
a practical scheme in which controversy can be resolved by reference to strains 
actually in existence. Appropriate names for the genera and species are 
governed by the Bacteriological Code which recognizes as valid any name 
published since 1753 if it conforms to certain rules. This date is open to ob- 
jection and the committee can, if it thinks fit, recommend to the International 
Committee that a later date be substituted. 
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A Comparative Study of the Nutrition Requirements of the Genus Bacillus. 
By B. C. J. G. Knigut and If. Proom {Beckenham) 

Tills is a preliminary report of a comparative siinxy of the exact mitrif ional 
requirements of species in the genus Bacillus. The object has been, in the first 
place, to sec to what extent exact nutritional characters might be species 
specific. A longer-term objective is to accumulate material whicli miglil con- 
tribute to thd study of taxonomic and evolutionary prolilcms. 

Type-specimens of various species and numbers of cultures freshh’ isolatal 
from natural sources have been examined. All cultures of most of the species 
examined have grown on relatively simple, defined media whicli contained 
glucose ns main energy source. 

For example, various specific media contained : (n) ammonia {B. suhlilis, 
B. inegaihcrium)\ {b) several specific amino-acids {U. ccrens); (c) iiimnonia-f 
biotin {B.jiohjmxjxa, Ii.jmmihts) \ (d) ammonia + 1110110-^^1011^11 (/A macernns). 
Besides specific amino-acids only biotin, nnenrin, or biolln + ancnrin, have 
been the essential metabolites required as nutrients. ^V^th very few exceptions 
all the freshly isolated cultures of any one of the species so far cxnminctl liavc 
shown the same typical nutritional picture. 


The Utilization of Starch by Virulent and Aviruicnt-Strains of Haemophilus 
pertussis. By A. M. James {Grcenfonl) 

Virulent strains of II. jycriussis require starch for growth in u fluid mcthuni; 
avinilcnt strains grow readily in its absence. The starch can be replaced Iiy 
charcoal or by amylosc, but not by any other carbohydrate, wilhoul considerably 
reducing the growtii. The starch may be acting as a source of carbohydrate, as 
an adsorbent of toxic products, or may possibly combine tlic tiro funclions. 

Growth of virulent strains of II. pertussis in the Iluid medium for 1*2 days 
causes a ‘20% decrease in l!ic starch concentration, but IIutc is no ilecrcasc in 
starch concentration when avinilcnt stniiiis arc grown in the metlium for 
12 days. 

Suspensions of virulent organisms (harvested from Bordet-Gengou medium 
or fluid medium) in a phosphate butter containing starch cause a breakdown of 
starch to reducing sugars equivalent in nmouiil to ‘20 of the slaroli originally 
present. Suspensions of avinilcnt organisms show Utllc, if any, breakdown of 
slarcb even after 5-0 day.s’ incubation. Similarly, amylosc is ilcgnulitl by 
suspensions of virulent but not of avinilcnt organisms. 


Factors AffcctinA the Agghitinabnily of Red Colls by Haemophilus 
pertussis, tly J. Ung.vu and A. 31. JA\ti:s {Crcenfonl) 

Suspensions of virulent strains of//. prrfimi>agghitinatc Imman and lalKiratory 
animal (p.articularly rat and chicken) rctl cells; nvirulenl strains df» not. TIu- 
reading of the agglutination is made on the s;\mc principle ns rcailing tin- 
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agglutination of blood groups A-B ; recording the influenza virus agglutination 
pattern gave inconclusive results. We have found the optimal temperature for 
agglutination to be between 42 and 46°. We have confirmed the findings of 
Keogh & North (1948) that suspensions of organisms grown for 24 hr. on 
Bordet-Gengou medium gave good agglutination whilst after 72 hr. there was 
no agglutinating power at all. Suspensions of 24 lu’. cultures kept overnight 
at 4° gave more marked agglutination than freshly prepared suspensions. 
Heating the susiDcnsion for 3 hr. at 65° caused a complete loss of the pi’operty 
to agglutinate. Treatment of the bacteria with formol (OT-0-2 %) overnight 
caused loss of the agglutinating power. Similar treatment with phenol (OT- 
0-5 %) and thiomersalate (1/5000-1/50,000) had no such effect. 

We found the anticoagulants heparin, citrate and oxalate to be equall}'^ 
suitable in the test. B.epeated washing of the red cells Avith excess saline pro- 
duced no effect on the agglutination titres, but addition to the repeatedlj'’ 
Avashed cells of the original plasma Avas inhibitoiy to the test. 

REFERENCE 

Keogh, E. V. & North, E. A. (1948). Aust. J. exp. Biol. mod. Sci. 24, 315. 


The Assay of Nisin. By A. Hibscii and M. J. R. Healey {Reading) 

Nisin is an antibiotic AAdiich cannot be assayed by an agar diffusion technique. 
A dilution method may be used, or an assay can be based on the rapid bacteri- 
cidal action of nisin, the number of surAUving bacteria after a sliort jDeriod of 
contact being related to concentration. The best method to date is based on the 
observation that, in sublethal concentrations, nisin delays groAAdh, the extent 
of the delay being dependent on the concentration. In a buffered medium, the 
pH is related to the time at Avhich the groAAdh of an acid-producing test- 
organism has started, and it is found that a linear relation obtains betAA'cen the 
pH and the logarithm of the concentration over a range of 5-100 units/mh. 
Concentrations of less than 5 units /ml. cause a true increase in lag, Avhile higher 
concentrations result in the appearance of resistant strains Avhich groAV more 
rapidly than the normal test-organism. 

The accuracy of the ‘ lag-phase assay ’ compares favourably Avith established 
assay techniques. Using a 6-point design, a computing technique has been 
deA'ised to gh-^e rapid estimations of potency Avith a statement of fiducial limits 
and a check on the A’^alidity of the assay. Details of this technique Avill be 
submitted for publication in the Journal of General Microbiology. 


Some Recent Applications of Nisin. B 3 ' A. Hirsch and A. T. R. Mattick 
{Reading) 

The properties of an antibiotic, nisin, Avere described bj"^ jMattick & Hirsch (1947) 
and field trials against boAune mastitis liaA'e recentl)'^ been made (Taylor, Hirscli 
& ISIattick, 1949). Single udder infusions Avith Amlumes of 1 ml ner quarter 
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were used and 11 of 13 staphylococcal and 85 of 37.streplococcal cases treated 
with 5,000,000 units per quarter, were cured ])actcriologieaIly and clinically. 

In vivo its bactericidal action against the luhcrclc bacillus was tested in 
a small experiment, rabbits infected with the bovine strain being treated for 
5 days only by the intravenous route. There was a striking dilTcrenec between 
treated and control atiimals. Maero&copically the former wore normal, but the 
controls were Iieavlly infected. Ilislologically, however, there was sonic evidence 
of infection m the treated animals. 

In vitro human tubercle bacilli resistant to slrcptomycin are suscejitibic to 
nisin and vice versa. There is no synergism belweeii llic two antibiotics but 
there is synergism between nisin and sulphathio7olc. 

The level of toxicity of the crj’stnlUiic material depends on the route of 
administration. Intramuscularly it is apjiroxiniutcly tlie same ns slrcjitomycin. 
On prolonged use no obvious systemic effects are noted. Blood coneentrations 
are well maintained and after the usual peak is jxisscd small concentrations 
may persist for 48 hr. 


HEFi:UEXCi:S 

Mattick, a. T. R. Si Iliascit, A. (lOtT). Lancet, li, 5. 

TAYixin, J. I., IIin«cu, A. Sc Maitick, A. T. H. (lOtf)). TV/. Jtcc. 
(in the I'rcss). 


Bacteriolytic Properties of Actinomycctcs and Staphylococci , By M. \Vi:i acm 
and J. Sau/ox (Liege) 

Soil actinomycctcs dissolve hcat-killcd haclcria; they also inlnbil the growth 
and lyse living Gram-positive bacteria. CuUnre-fiilrntcs from these organisms 
(actinomycctin) may exhibit ilic same properties. Aclinomyectin may ret.ain 
its bacteriolytic activity towards living bacteria even after extraction of its 
bactericidal lipoids. Actinomycctcs and aclinomycelin arc most active njvm 
bacteria! susjiensions in water <jr watcr-agar, but inactive upon bacterial 
suspensions in nutrient liroth or agar. 

Staphylococci dissolve some heat-kilhHl Gram-positive cocci addeil into 
nutrient-agar. Lysis is not oblainwl in watcr-agar and is rednccil in dilnleil 
imtrient-agjir. Bacteriolysis by, and imlolysK of, staphylococci arc cnhiuicctl 
under p.arlial or complete anaerobic c<»mlilions. Aultdysates from bn)lh- 
culluro,s (aulolysin) dissolve several heal-killc<l (»ram-po'‘itive cocci, ami also 
living staphylococci, in water hut not in nutrient metlium. AutnlvMii is inactive 
towards hcat-killcd Gram-negative Imclcria. 

During bacteriolysis by aelinomycetes, nctmomycetm. stajdiylococci or 
autolysin, it was not possible to dcmonslratcaitprci/ic loss ofCinun-jKisitivem-^s, 
njiart from a general diminution of atrmity for all basic dyes. 

Oxidizing conditions and ncgiitivation of Gram's reaction do not appear ns 
indispensable factors to penuit a true lysis of Gnvm-iM»sitivf bnetena. 
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The Production of Ammonia by Corynebacterium renale. By R, Lovell 
and D. G. Hauvey {Camden Town) 

C. renale causes a specific cystitis and pyelonephritis in cattle and lesions in 
experimental and natural cases of disease are localized in the medulla. The 
metabolism of the organism and especially its urease activity may have an 
important bearing on this selective localization. 

C. renale produces ammonia from urea but not froin any other common 
urinary nitrogenous substance; and of the many amino-acids tested only 
arginine produced significant quantities of ammonia. The arginase activity of 
C. renale was confirmed by isolation of ornithuric acid in a similar manner to 
that adopted by Hills (1940) working with Sireplococcus, Staphylococcus and 
other pathogens ; its identity as either a ‘ monohydwlase ’ or a ‘ diliydrolase ’ has 
not yet been confirmed. Serial investigations in ammonia production and growth 
of C. renale have shown that in the case of bovine urine and j^eptone water 
containing urea there Avas a steady decrease in growth and urea concentration 
Avith a parallel increase in ammonia. Peptone. Avater, on the otlier hand, gave 
very little ammonia but the groAvth increased steadiljL 

REFERENCE 

Hills, G. M. (1940). Biochem. J. 34, 1057. 


Complexes Formed by Antibodies with Excess of Antigen and the Valency 
of Antibodies. By J, R. IMarrack, H, Hocii and R. G. S. Johns {White- 
chapel) 

From ultracentrifuge studies Pappenheimer, Lundgren & Williams (194.0) 
concluded tliat the maximum A'^alency of horse antito.xin for diphtheria toxin is 
greater than one and at most tAA'o. Heidelbergcr & Pedersen (1937) found that 
Avhen the precipitate formed by egg albumin and rabbit antiserum was dissolved 
in a great excess of antigen most of the antibody-antigen comi^lex sedimented 
AA'ith Soo = 9,' from their data it seems that the molecular ratio of antigen to 
antibody Avas approximately one. 

We liaA'^e dissoh’^ed the precipitate, formed by horse-serum albumin and rabbit 
antibody, in excess of antigen. On electrophoresis in phosphate buffer at pH 8, 
ionic strength 0-1, tAVo components Avere found AA'ith mobilities betAvecn those 
of albumin and y-globulin. The amount of free albumin Avas calculated from the 
electrophoretic pattern. The amount of antibody in solution Avas knoAvn. The 
calculated ratio of bound antigen molecules to antibody molecules (assuming 
a molecular Aveight of 150,000) Avas more than one. We conclude that the faster 
complex contains tA\'o molecules of antigen to one of antibody and that this 
antibody is dwalent. 

REFERENCES 
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Tetrathionase : Some Factors Influencing the Rate of Adaptive Enzyme 
Formation by Washed Bacterial Suspensions. By W. II, II. .Ir.iiu, 
R. Knox and A. H. Tomuxsox (Oxford) 

The graph of enzyme content against lime for a coliform organism adapting in 
■washed suspension to tetrathionate reduction is tlic sigmoid curve typical of 
most microbial adaptations. Adaptation is affected by tlie following fo\ir 
factors: 

(1) Temperature. 32° is the optimum. At higher temperatures adaptation 
is slo'wer and less enzyme is producctl. At 42° no adaptation occurs. 

(2) Concentration of .substrate. Adaptation appears to be slower at 0-()n05 
than at O'OOl m, whereas tlic rate of rwluction is constant down to 0 000125 .m 
suggesting tliat in adaphition the substrate combines with some precursor 
rather than the enzyme. 

(3) Tryptic heart broth added to adapting cells greatly incrc^iscs the rate of 
adaptation and doubles tlie total amount of cnzN’inc formed, 

(4) Pretreatment of cells with mannitol and phosphate before adding the 
tetrathionate accelerates adaptation, witliout increasing the total enzyme 
formed.. Although dinitrophcnol inhibits the adaptation of untreated cells, 
pre*trcatcd cells adapt slowly in its presence. 


Tlie Part Played by an Adaptive Enzyme System in Bacteria! Growth at 
Different Temperatures. By R. Knox (0.r/ard) 

Cells of a tetmthionatc-rcducing organism grown in semi-nnnerobie conditions 
can utilize tetrathionate as an aftenmtivc f»y<lrogcn acceptor to oxygen. 
Temperature is critical— -in growth at 41° the cells gair» no advantage from 
tetrathionate, wlicrcas at 34-37° they grow much better with tJinn witlmut it. 
This difference is not due to serious interference with growth at the higlier 
Icmpcnilure, since in well-aerated Imith the growtii nilc is ])mclirjdly tm- 
alTccttxl between 3t and 41° both with and wllliotil Iclralhionatc. For the 
formation of nilralnsc in growth temperature seems much less critical. 'I’lic 
greater sensitivity to temperature of IctraUiioimsc is unlikely to be ilue entirely 
to increased toxicity of tlic substrate nl the higlicr Icmpemture, since enhanecsl 
growth due to adaptive formation of nilralnsc still occurs even in the presence 
of tetralhionalc at 42° — at which teinpcmlurc tclnilhionusc fonualion is 
completely suppressed. It seems, thcrehire. that adaptive formation of telm- 
Ihionnse during growth is much more scimlive to tempemtun- Ilian cilfur 
nitratasc formation or ‘gixiwlli’ itself. 
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DEMONSTRATIONS 

J. Ungar and A. 31. James {Greenford). ‘Factors affecting the agglutinability 
of red cells by Ilamiophilus pertiissisJ' 

A. VouREiCA and A. Fleming {Paddington). ‘Staining of flagella.’ 

W. H. Hughes, I. R. H. Kramer and A. Fleming [Paddington). ‘ Jlorphological 
changes in some bacteria grown in presence of penicillin.’ 

G. Belyavin [Hampstead). ‘Phase-contrast microscopy and 0rskov’s method 
of demonstrating flagellar movement.’ 
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